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FOREWORD
This dissertation is divided into four chapters. Chapter I is a general 
introduction on allelopathy and biosynthetic studies using 1 3C-labeled precursors. 
Chapter II is divided into three parts, each of which will be submitted to 
Phytochem istry  as a separate paper. Chapter II describes the isolation and 
structure determination of sesquiterpenes, diterpenes and polyacetylenes from 
Solidago pauciflosculosa  and related species, which is part of our study on 
allelopathic effects of members of the Florida scrub community. The three parts are 
written in the style for submission to Phytochem istry. Part A of Chapter II 
contains the chemical data and bioassays of sesquiterpenes from S. pauciflosculosa. 
Part B describes the diterpenes from S. pauciflosculosa and their phytotoxic effects 
and part C gives the data obtained from the investigation of the chemical 
constituents of roots of S. pauciflosculosa, S. canadensis and S. sempervirens. The 
third chapter is also on allelopathy of a member of the Florida scrub community. 
This paper, to be submitted to Phytochemistry, is on the chemical constituents and 
their biological activity from Calamintha ashei.
Chapter IV describes the chemistry and biosynthesis of secondary 
metabolites produced in hairy root cultures of Tagetes patula. The chapter is 
divided into three parts, each part being written as a manuscript to be submitted for 
publication. The first two parts will be submitted to Spectroscopy Letters and the 
last one to P hytochem istry . Part A is a paper on biosynthetic studies of 
bithiophenes from hairy root cultures of T. patula while part B contains the 
biosynthetic data of (3-farnesene. The last section describes the chemical 
constituents of root cultures of T. patula.
At the end of each part, the NMR and NMR spectra of most of the 
described compounds are included.
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ABSTRACT
As part of the investigation of the allelopathic interactions of members of the 
Florida scrub community, the chemical constituents of Solidago pauciflosculosa 
(Asteraceae) and Calamintha ashei (Lamiaceae) were studied.
Aqueous and organic extracts of fresh leaves of S. pauciflosculosa provided 
large amounts of diterpene acids. The two major diterpenes isolated, 
17-oxygrindelic acid and 17-oxogrindelic acid, showed significant inhibitory effects 
on germination and radicle growth of two Florida sandhill grasses, Schizachyrium 
scoparium and Leptochloa dubia. The organic extracts of S. pauciflosculosa were 
very rich in sesquiterpenes, the three major sesquiterpenes being (+)-epicurlone, 
(+)-episesquiphellandrene and (-)-a-trans-bergamotene. These three compounds 
did not show any significant effects on the germination and radicle growth of test 
species.
Fresh leaves of C. ashei were very rich in menthofuran monoterpenes and 
flavonoids. The two major monoterpenes, epievodone and desacetylcalaminthone 
exhibited strong inhibitory effects on the germination and root growth of test 
species at concentrations of 106 and 92 ppm, respectively, whereas the flavonoids 
showed no effects.
Investigation of the chemical constituents of the roots of S. pauciflosculosa, 
S. canadensis and S. sempervirens provided acetylenic compounds and diterpene 
acids. cis,cis- and cis,trans-Matricaria esters from S. pauciflosculosa as well as 
cis-dehydromatricaria ester from S. canadensis showed strong inhibitory effects on 
the germination of test species. cis,cis-Matricaria ester completely inhibited 
germination of Florida sandhill grasses at 106 and 53 ppm.
xxi
Biosynthetic studies of chemical constitutents of hairy root cultures of 
Tagetes patula  (Asteraceae), using 1 3 C-labeled acetates, established the 
biosynthetic pathway of two bithiophenes and the sesquiterpene (3-famesene. The 
bithiophenes are formed by linear combination of acetate followed by loss of the two 
terminal carbon units to give the 1 2  carbon skeleton of the bithiophenes. p- 
Famesene also followed the predicted pathway via the mevalonic acid route.
Further investigation of the chemical constituents of hairy root cultures of 
Tagetes patula  provided, besides the above three compounds, two known 
bithiophenes and four benzofurans.
CHAPTER I 
General Introduction
1
PART A 
Allelopathy and the Florida Scrub.
2
ALLELOPATHY
3
The term allelopathy, which is derived from Greek meaning "mutual 
harm," was defined by Molisch [1] as the inhibitory or stimulatory biochemical 
interaction between all types of plants including microorganisms.
Inhibitory plant-plant interactions have been observed and recorded as 
early as 300 B.C. when Theophrastus [2] stated that chick pea "exhausted" soil 
and inhibited weed growth.
The first example of allelopathic activity in which a specific phytotoxin 
was determined involved the black walnut tree (Juglans nigra). Stickney and Hoy
[3] observed that very little vegetation grew under the black walnut tree. Later, 
Davis [4] isolated the naphthoquinone juglone (1) which was identified as the 
active constituent causing the allelopathic effects.
TYPES OF ALLELOCHEMICALS
A wide range of secondary plant metabolites are involved in allelopathic 
interactions, the most common ones being the more water-soluble phenolic acids 
[5,6] and the volatile monoterpenes [7].
Figure 1 lists common phenolic acids possessing allelopathic properties 
including p-hydroxybenzoic acid (2), vanillic acid (3), ferulic (4) and p-coumaric 
(5) acids [8,9,10,11]. Hydrocinnamic acid (6 ), a degradation product of ceratiolin
(7) from Florida false rosemary (Ceratiola ericoides), showed strong inhibitory 
effects on the germination and radicle length of Lactuca sativa and Schizachyrium 
scoparium [1 2 ].
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Figure 1.1 Phenolic and other aromatic allelopathic agents.
5Ceratiolin (7) is an example of a natural compound lacking allelopathic 
activity while its decomposition products show dramatic increase in toxicity 
against other plants. Another well known example of the toxic property of a 
decomposition product involves the cyanogenic glucoside (8 ) from Johnson grass, 
Sorghum halepense, which decomposes by the action of soil microbes giving toxic 
HCN and benzaldehyde (9) [13].
The monoterpenes (Figure 1.2) represent another large class of 
allelochemicals. The bicyclic monoterpenes a-pinene (10), p-pinene (11), 
camphene (12), camphor (13), and 1,8-cineole (14) from Salvia leucophylla, S. 
apiana  and S. mellifera showed inhibitory activity on test seedlings [14]. 
Calaminthone (15) and epievodone (16), isolated from the mint Calam intha  
ashei, showed inhibitory effects on little bluestem grass, Sch izachyrium  
scoparium, and lettuce (Lactuca sativa) [15].
Other classes of natural products that have been implicated in allelopathy 
include sesquiterpenes (Figure 1.2), acetylenic compounds (Figure 1.3) and 
others. The sesquiterpene lactone parthenin (17) inhibited the growth of clover 
and carrot [16]. A m brosia  artem isiifo lia , a common Louisiana ragweed, 
produces a mixture of active sesquiterpene hydrocarbons consisting of P- 
bisabolene (18), bergamotene (19), a-guayene (2 0 ), a-bulnesene (2 1 ), and P- 
patchoulin (2 2 ) [16].
Kobayashi et al., [17] isolated cis-dehydromatricaria ester (23) (Figure
1.3) from the roots of Solidago altissima  and cis-matricaria ester (4), trans- 
matricaria ester (5) and cis-lachnophyllum ester (26) from Erigeron species. The 
above acetylenic compounds showed strong inhibitory effects on other plants.
6a  - pinene (1 0 ) p - pinene (1 1 ) camphene (1 2 )
camphor (13) 1,8 - cineole (14)
AcQ
calaminthone (15) epievodone (16)
HO
O
parthenin (17)
P - bisabolene (18)
bergamotene (19)
a  - guayene (2 0 ) a  - bulnesene (2 1 ) P - patchoulin (2 2 )
Figure 1.2 Terpenoid allelopathic agents.
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Figure 1.3 Polyacetylenes involved in allelopathic interactions.
8MEANS OF RELEASE OF ALLELOCHEMICALS 
AND CRITERIA FOR THE EXISTENCE OF ALLELOPATHY
Due to the structural variety of allelochemicals and their accumulation in 
different parts of the plant (roots, leaves, stems) it should be expected that they 
are released in different ways. The four major routes by which allelopathic 
substances can be transported from the plant surface into the soil are the 
following [18].
(1) Litter of leaves and stems decompose by physical or biological processes 
and the active substance(s) are released into the soil.
(2) Volatile material is vaporized from plants and acts on other plants through 
the air by subsequent absorption to the soil particles.
(3) Roots may release the active substance into the soil directly by exudation 
or through decaying root matter.
(4) Rain and fog drips transfer toxic compounds from leaves to the soil.
In spite of the simplicity of the above four methods of release of 
allelochemicals and the publication of numerous papers on allelopathy, there 
exists still considerable scepticism about the validity of this phenomenon since it 
is very difficult to demonstrate this plant-plant interaction in natural habitats due 
to multiple variables. Many ecologists claim that the plant-plant interaction is 
exclusively due to competition for light, soil moisture or nutrients. Other 
scientists propose that allelopathic actions occur together with the above 
competitions resulting in a synergistic effect [19,20,21].
In order to determine the existence of allelopathy, experiments were 
devised in natural habitats where no physical competition between different 
species existed. In Taiwan, cypress (C ryptom eria japon ica )  and bamboo 
(P hyllostachys edulis) are two species that grow next to each other, with 
completely different undergrowth vegetation [22]. It was noted that herbaceous
cover was almost non-existent in the bamboo forests while the cypress forests 
flourish with undergrowth. Studies on the soil of these forests indicated that 
there were no differences in the physical properties such as the pH, moisture, 
texture, organic matter and total nitrogen and cation exchange capacity. The 
detection of water-soluble phenolic acids in bamboo leaves and soil and the 
absence or the presence of only very small amount of these compounds in 
cypress leaves and soil led to the conclusion that allelopathy must be involved in 
the bamboo forests preventing the growth of any herbaceous cover.
The following criteria for demonstrating allelopathy were proposed by E. 
P. Fuerst and A. R. Putnam [23].
i. Identification of the symptoms of interference.
ii. Isolation, assay, structure elucidation and synthesis of the toxin.
iii. Simulation of the interference by supplying the toxin as it is supplied in 
nature.
iv. Quantification of the release, movement and uptake of the toxin.
A representative example for the demonstration of allelopathic activity 
was presented by Kobayashi et al., [17]. The Japanese authors isolated cis- 
dehydromatricaria ester (cis-DME) (23) (Fig. 1.3) from the roots of Solidago  
altissima which was suspected of having allelopathic properties. Cis-DME was 
found in the soil surrounding S. altissima at concentrations toxic to test species in 
laboratory bioassays. Based on these observations they concluded that 
allelopathy must be a major factor in the germination and growth inhibitory soil 
surrounding S. altissima.
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THE FLORIDA SCRUB
The well-drained sandy soil of Florida and the southeastern Coastal Plain 
support two different types of vegetation, the sandhill and the scrub communities, 
which are separated by a bare zone of very little or no vegetation [24]. The 
sandhill community is dominated by longleaf pine, Pinus clausa, with a dense 
herbaceous ground cover. In contrast, there is very little or no herbaceous 
growth in the scrub community which is dominated by sand pine and evergreen 
shrubs such as Ceratiola ericoides, Calamintha ashei, Conradina canescens and 
Solidago pauciflosculosa.
Investigation of the soil of the two communities showed no differences in 
the pH, soil texture, moisture, or cationic nutrients [25-27]. This clearly 
demonstrated that the physical characteristics of the soil were not the factors 
involved in the vegetational differences of the two communities.
The other difference between the two plant communities is the frequency 
of fires in the sandhill community. Fires of the sandhill, once in every 3-5 years, 
are fueled by the herbaceous cover of the sandhill community without serious 
destruction to its natural vegetation [28]. These fires are often extinguished 
when they reach the bare zone (ecotone) separating the two communities. In 
contrast, the scrub community burns only every 40-60 years with complete 
destruction and very slow recovery of the scrub population [29,30].
In the absence of fires the scrub species colonize the sandhill areas until a 
fire in the sandhill community completely destroys the shrubs of the scrub [31]. 
Based on this observation Richardson and Williamson [32] investigated the 
hypothesis that the scrub community produces chemicals that inhibit the growth
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of sandhill grasses and possibly pines which provide the fuel for frequent surface 
fires.
Initial investigations were focused on C era tio la  e r ico id es  [12], 
Calamintha ashei [15,33] and Conradina canescens [34,35].
Water washes of Ceratiola ericoides provided the novel dihydrochalcone 
ceratiolin (Fig. 1.1, 7) [12] which showed no inhibition on the germination of 
Schizachyrium scoparium but on the contrary, promoted its radicle growth (145% 
of control). Ceratiolin, a thermally unstable compound, spontaneously 
decomposes to hydrocinnamic acid (HCA) (Fig. 1.1, 6 ) which exhibited 
considerable phytotoxic effects against S. sco p a riu m  and L. sa tiva . At 
concentrations of 125, 250 and 500 ppm, HCA inhibited germination of S. 
scoparium by 46, 32 and 17% of control, respectively [12]. Based on the fact that 
ceratiolin is an unstable compound decomposing in water solutions in the 
presence of light or in the dark, it was concluded that its decomposition must also 
take place under natural conditions from decaying litter.
The fourth criterion for allelopathy, which requires the quantification of the 
toxin, was demonstrated by the detection of HCA and its quantification in the soil 
surrounding C. ericoides [36]. Results showed varying concentrations of HCA 
during the year with a maximum concentration of 255 ppm in early September, the 
rainy season, and no HCA from January to May and October to December. In 
addition to HCA, acetophenone was also detected in the soil, which was shown 
to be a microbial decomposition product of HCA in non-sterile soil as well as in 
aqueous solution [36].
The second largest class of allelochemicals, the monoterpenes, were the 
compounds responsible for allelopathic activity of the two mints Calamintha ashei 
and Conradina canescens. The sesquiterpene caryophyllene oxide (27) as well
12
as the m enthofurans, ep ievodone (1 6 ) , calam in thone (1 5 )  and 
desacetylcalam inthone (28) were isolated as well as large amounts of the 
triterpene ursolic acid (29) from aerial parts of C. ashei (see Fig. 1.4) [15,33]. 
Germination of the sandhill grass little bluestem (S. scoparium) was completely 
inhibited by a saturated aqueous solution of a chromatographic fraction of C. ashei 
containing calaminthone, epievodone and caryophyllene oxide. On the contrary, 
saturated solutions of the individual compounds stimulated germination of S. 
scoparium. These results showed that synergistic effects must be involved in the 
phytotoxic effects of the terpene mixture [15].
Chemical investigation of Conradina canescens showed the presence of 
eight monoterpenes, (Figs. 1.2 and 1.4) 1,8-cineole (14), camphor (13), (Fig. 1.4) 
borneol (20), myrtenal (31), myrtenol (32), a-terpineol (33), carveol (34) and 
carvone (35) [34,35]. Saturated solutions of all eight monoterpenes exhibited 
strong inhibitory activity against S. scoparium. 1,8-Cineole, camphor, bomeol and 
a-terpineol were present in water leaf extracts of C. canescens. Camphor, 
bomeol and 1 ,8 -cineole are known to exhibit strong inhibitory effects on both 
germination and growth of other plants [37].
As a continuation for the search of allelochemicals from members of the 
scrub community the investigation of the chemical constituents of Solidago  
pauciflosculosa and Calamintha ashei represent part of this dissertation (Chapter 
II and Chapter III). The data on S. pauciflosculosa are presented in Chapter II 
and on C. ashei in Chapter III.
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Figure 1.4 Terpenoids involved in allelopathic interactions.
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PART B
Biosynthetic Studies Using 13C-labeled Precursors in Hairy Root
Cultures.
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!3C  NMR IN BIOSYNTHETIC STUDIES
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Prior to the introduction of Fourier-transform nuclear magnetic resonance (FT- 
NMR), which has revolutionized the use of 13C NMR spectroscopy, biosynthetic 
studies were done using the radioactive isotopes 14C and 3 H. The two main 
disadvantages of the use of radioisotopes for biosynthetic studies are the need for a 
radiochemically pure compound and that degradation experiments of the compound of 
interest are required in order to determine where the labeled isotope is located.
The use of NMR in biosynthetic studies was first described in 1970 
shortly after the introduction of FT-NMR [1]. The low natural abundance of 
(1.108%) did not permit its use in biosynthetic studies prior to the availability of FT- 
NMR. NMR spectroscopy provides a non-destructive method in determining 
where a 13C-label from a precursor is located in a derived secondary metabolite. This 
is of great advantage since no time-consuming degradation experiments are required to 
obtain biosynthetic data, l^c-labeled biosynthetic precursors are now commercially 
available at enrichments of up to 99%.
The main disadvantage of using l^C-labeled precursors in biosynthetic studies 
is the low natural abundance of F°r reason, the use of 13c NMR in 
biosynthetic studies is limited to experiments in which sufficient incorporation (> 3%) 
is achieved.
ASSIGNMENT OF 1 3 c  NMR SPECTRA
The main requirement for the use of 13C NMR in biosynthetic studies is the 
unambiguous assignment of the natural abundance 13C NMR spectrum. Fourier
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transformed NMR facilitate the interpretation of 13C NMR spectra by the development 
of various techniques.
Determining the Broad Band (BB) 13c NMR spectrum is generally the first 
experiment to be performed after obtaining a NMR spectrum. The BB 13c NMR 
spectrum gives information on the number of carbons present in the molecule. 
Polarization transfer experiments [2] such as DEPT (Distortionless Enhancement by 
Polarization Transfer) and INAPT (Insensitive Nuclei Assignment by Polarization 
Transfer) [3,4] provide a method for distinguishing between methyl, methylene, 
methine and quaternary carbons. Two-dimensional (2D) NMR experiments such as 
carbon-hydrogen (13C-lH) correlation and carbon-carbon (13C-13q  correlation 
known as INADEQUATE (Incredible Natural Abundance Double Quantum Transfer 
Experiment) are also available [2] which can be used to confirm assignments obtained 
by other experiments or to get more detailed information required for complete 13c 
assignments. The use of the 2D INADEQUATE experiment is very limited due to the 
large amount of compound needed (~ 0.5 g) and the long acquisition time (~ 24 hrs) 
of the experiment. The use of the above experiments is in most cases sufficient to 
unambiguously assign the 13c NMR spectrum of organic compounds.
13C-ENRICHED BIOSYNTHETIC STUDIES
The position of the labeled carbons resulting from incorporation of 13c- 
enriched precursors is determined by comparing the BB 13c NMR spectrum of the 
labeled metabolite with that of its natural abundance spectrum. This is achieved by a 
single 13C-labeling experiments in which precursors with only one 13C-enriched 
carbon are fed to the plant or plant cell culture. The carbons derived from 13c- 
enriched precursors will exhibit higher 13C NMR intensities than those from natural
19
abundance because of the increased amount of l^CMabel derived from the 1 3 C- 
enriched precursor. For instance, incorporation of [1-^C ] and [2-^C]-acetate into 
botryodiplodin (Fig. 1.5, 36) showed enhancement of the carbon signals derived 
from incorporation of the labeled acetate precursors [5].
Another experiment which can give valuable information on whether the 
precursor is incorporated intact into the molecule involves the use of doubly labeled 
precursors. Two adjacent carbons being enriched with *3c  will exhibit a 
coupling. As a consequence, instead of a singlet in the 13C NMR spectrum, the 
natural abundance signal is now flanked by the 1 3 C-13C coupling satellites. By 
analyzing the 13C NMR coupling patterns, information is obtained on how the 
precursor molecules are incorporated into the metabolite.
13C-13C C0 UPlings usually range from 30 to 80 Hz, increasing with the 
amount of s character of the atoms in the bond [6 ]. Doubly labeled acetate, [1,2- 
13c2]-acetate, used in the biosynthesis of pyrone (Fig. 1.5, 37) [7,8] showed that 
three acetate units were incorporated intact while one acetate unit rearranged to form a 
1-3 13c-13c coupling of 7.5 Hz.
The biosynthetic studies of chemical constituents of root cultures of Tagetes 
patula using ^C -labeled sodium acetates represent part of this dissertation. The 
biosynthesis of two bithiophenes (Fig. 1.5, 38, 39), belonging to the polyacetylene 
family, and a sesquiterpene hydrocarbon, (3-famesene (Fig. 1.5, 40), was established 
from these experiments.
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Figure 1.5. Compounds derived from 13C -labeled precursors in 
biosynthetic studies
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BIOLOGICAL ACTIVITIES OF POLYACETYLENES
Polyacetylenes and their thiophene and thiarubrine derivatives are biologically 
active secondary metabolites found mainly in higher plant families such as the 
Asteraceae and other families [9]. A wide range of structural types of polyacetylenes 
occurs in plants. They are derivatives of Cb to Cl 8  hydrocarbons with functionalities 
such as acids, esters, alcohols, and aldehydes among others [10]. They are found in 
all parts of the plant (roots, leaves, flowers and stems), but often accumulate in the 
roots.
Polyacetylenes exhibit two main types of biological activity: toxicity in the 
absence of light and phototoxicity i.e., toxicity which requires a source of near 
ultraviolet or UV-A light (320-400 nm). Some of the most important biological 
activities of polyacetylenes [9] are:
(a) antiviral
(b) antibacterial
(c) nematicidal
(d) allelopathic
(e) piscicidal
(f) insecticidal
(g) antifungal
Thiarubrine A (Fig. 1.6, 41) decomposes in the presence of light to the 
thiophene A (42) which is extremely toxic to both fungi and bacteria in light, but 
inactive to both in the absence of light [1 1 ].
Many polyacetylenes and their sulfur derivatives, i.e., the thiarubrines and 
thiophenes, are photosensitizers generating singlet oxygen species. a-Terthienyl (43) 
exhibits nematicidal activity when irradiated with light in the presence of oxygen 
which is responsible for its toxic effects [1 2 ].
CH3— C = C   -{c=C )^“ CH = C H ;
S - S
thiarubrine A (41)
CH3— C = C ----- 1  3 ---(C =C )— CH = C H ;
S
thiophene A (42)
Q-Q-Q
a  - terthienyl (43)
H RC\ / \  
CH3-(c=c)r C=cU^ J
H °
ichthyothereol (44) R = H 
ichthyothereol acetate (45) R = Ac
H .
CH-?—(c=cV-C = C  \  /
1 0  H
1 -furanyl-2-ene-4,6,8-nonatriyne (46)
Figure 1.6. Polyacetylenes exhibiting biological activities.
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Bioassays of cis-dehydromatricaria ester (cis-DME) (23) isolated from 
Solidago altissima, showed strong growth inhibitory effects on other plants. Cis- 
DME was found in the soil surrounding S. altissima at concentrations which inhibit 
plant growth. This finding suggested that cis-DME has allelopathic activities [13].
Ichthyothereol and its acetate [Fig. 1.6, 44, 45] showed piscicidal activity 
against goldfish, (Carassivis auratus) and guppies (Lebistes reticulatus) at 
concentrations as low as 0.15 jig/ml [14]. These two compounds are present in the 
leaves of Ichthyothere terminalis and species of Clibadium, particularly C. sylvstre 
which have been used by the natives of Brasil, Peru and Colombia as fish poison. 
The natives collect the fish which appear on the water surface and swim in a 
disoriented manner after crushed leaves of the above species are thrown into the water 
[11].
a-Terthienyl [15,16] (Fig. 1.6, 43) and a furanoacetylene [16] (Fig. 1.6, 
46) exhibited strong insecticidal effects against mosquito larvae Aedes aegupti. At a 
concentration of 4 ppm in the presence of light compound 46 killed instantly the 
mosquito larvae, while at a concentration of 0.4 ppm caused death of the larvae within 
a few minutes. a-Terthienyl was more toxic to mosquito larvae [14].
This wide range of biological activities of polyacetylenes and the thiarubrines 
and thiophenes has attracted considerable attention and basic research is performed in 
a number of laboratories in order to learn more about the action and potential 
economic use of these compounds. Learning how these compounds are produced in 
nature will facilitate strategies to improve their production in newly developed 
biotechnological cell and organ cultures.
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CHAPTER II
Investigation of the Chemical Constituents of Solidago pauciflosculosa:
S. canadensis and S. sempervirens: Effects on Florida Sandhill Species.
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PART A
Sesquiterpenes from Solidago pauciflosculosa:
Effects on Florida Sandhill Species.
26
27
SESQUITERPENES FROM  SOLID AGO PA UCIFLOSCULOSA: 
EFFECTS ON FLORIDA SANDHILL SPECIES
Marios A. Menelaou, Jeffrey D. Weidenhamer*, G. Bruce Williamson^, 
Helga D. Fischer, Francisco A. M aciastt and Nikolaus H. Fischer§
Departments of Chemistry and tBotany 
Louisiana State University,
Baton Rouge, LA 70803, U.S.A.
Key W ord Index - Solidago pauciflosculosa ; Asteraceae; Heliantheae; 
sesquiterpenes; allelopathy.
A bstrac t - The aerial parts of Solidago pauciflosculosa  (syn C hrysom a  
p a u c if lo s c u lo s a )  gave the new sesquiterpenes (+)-epicurlone, (+)- 
episesquiphellandrene and bisabolane endoperoxide, together with the known 
compounds (-)-oc-trans-bergamotene and (+)-curcumene. The structural data of 
the natural compounds as well as those of the degradation products and 
derivatives are presented. The structures of the new compounds were elucidated 
by chem ical and spectroscopic m ethods. (+ )-E picurlone, (+)- 
episesquiphellandrene and (-)-oc-trans-bergamotene were tested for their effects 
on the germination and radicle growth of three Florida sandhill species, 
Rudbeckia hirta, Schizachyrium scoparium, Leptochloa dubia, as well as Lactuca 
sativa. (+)-Epicurlone significantly inhibited germination of L. sativa, stimulated 
radicle growth of L. sativa and S. scoparium at 10-4  M level, and mildly inhibited 
radicle growth of R. hirta as did (+)-episesquiphellandrene. (-)-a -tran s- 
Bergamotene stimulated germination of S. scoparium  and L. sativa and 
significantly enhanced radicle growth of S. scoparium.
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Along the Florida shoreline there are two distinct types of vegetation, the 
sandhill and the scrub community, which are separated by a zone of very little or 
no vegetation [1]. The sandhill is composed mainly of longleaf pines and a dense 
herbaceous cover. In contrast, the scrub is dominated by sand pine and 
evergreen shrubs with little or no herbaceous ground cover. We have been 
investigating the hypothesis [1 ] that members of the scrub community produce 
allelochemicals that inhibit the growth of sandhill grasses and herbs which 
provide the fuel for surface fires. Preliminary tests indicated that water-soluble 
allelotoxins released from aerial parts of several members of the scrub inhibit 
germination and growth of grasses and herbs of the sandhill community. In 
continuation of our directed search for phytotoxic constituents from scrub species
[2 ] that affect the germination and growth of native grasses and herbs of the 
Florida sandhill community, we have investigated Solidago pauciflosculosa  
(Asteraceae), a common shrub of the Florida scrub. Water, hexane and 
dichloromethane extracts of fresh aerial parts of S. pauciflosculosa were initially 
tested, showing inhibitory effects on both, the germination and radicle growth of 
lettuce (Lactuca sativa) and little bluestem (Schizachyrium scoparium), a native 
grass of the sandhill. The water and hexane extracts completely inhibited 
germination of lettuce. Germination of little bluestem was unaffected by the 
water extract but radicle growth was inhibited.
Chemical investigations of the organic extracts of S. pauciflosculosa  
provided sesquiterpenes in the less polar chromatographic fractions. The three 
major sesquiterpenes, (-f)-epicurlone, (+)-episesquiphellandrene and (-)-a- 
trans-bergamotene, were tested for their effects on the germination and radicle
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growth of three Florida sandhill species, Rudbeckia hirta, Schizachyrium  
scoparium, Leptochloa dubia, as well as lettuce. Their effect on the germination 
and radicle growth of the test species was minor. (+)-Episesquiphellandrene and 
(+)-epicurlone decompose oxidatively in the presence of air. In order to 
determine the possible mechanism for this oxidation, a singlet oxygen reaction 
was carried out with (+)-epicurlone yielding eleven products, one of them 
representing one of the decomposition compounds. The results of our chemical 
studies and bioassays of the three terpenoid constituents of S. pauciflosculosa 
are discussed below.
RESULTS AND DISCUSSION
Chemical Data.
The hexane extract of S. pauciflo scu losa  gave upon column 
chromatography on silica gel a sesquiterpene (1 ), C isH 2 2 Q> as a colourless oil. 
IR bands at 1686 and 878 cm-1’ suggested the presence of a conjugated ketone 
and a vinylidene moiety, respectively. The *11 NMR of 1 (Table 1) indicated the 
presence of a secondary methyl group at 5 0.88 (d, J  = 6.3 Hz) and two vinyl 
methyls at 5 1.89 (d, /  = 1.0 Hz) and 5 2.14 (d, J  = 1.0 Hz). The downfield 
appearance of the two vinyl methyl groups indicated that they must be part of an 
oc,(3-unsaturated ketone moiety. Two singlets at 8  4.77 and 8  4.75 belong to two 
vinylidene protons which was confirmed by a DEPT 135° 13C NMR spectrum 
with an olefinic methylene signal at 8  110.1. The 1 3 C-JH correlation experiment 
also correlated the carbon signal at 8  110.1 with the two protons at 8  4.77 and 8  
4.75. The multiplet at 8  6.07 was assigned to an olefinic proton (H-10) which is 
part of the a,P-unsaturated ketone moiety. The other two olefinic signals at 8
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6.12 (dd, J  = 10.0, 2.0 Hz) and 8  5.67 (d, J  = 10.0 Hz) had to be part of a 
conjugated diene. Complete assignments of the carbons and protons in 1 were 
achieved by the COSY and ^C -^H  correlation experiments. The NMR spectral 
data of compound 1  were in agreement with the structure of the known 
sesquiterpene (-)-curlone which had been previously isolated from the rhizomes 
of Curcuma longa [3]. Since detailed *H and 13C NMR data were not previously 
described for curlone, they are presented in Tables 1 and 3. The stereochemistry 
of 1 was determined based on its optical rotation data. Since in (-)-curlone both 
chiral centers have the S configuration and in (+)-curcumene C-7 has the S 
configuration [4], the other biogenetically related compounds in S. pauciflosculosa 
must have the same stereochemistry at C-7. The positive optical rotation of 
compound 1 suggested that the stereochemistry at C-l is opposite to that of (-)- 
curlone, thus being R.
Reduction of 1 with NaBH4  afforded, after separation by prep. TLC, two 
new isomeric alcohols, 5 and 6 , as well as compound 8 . Alcohols 5 and 6  
exhibited very similar !H NMR spectra and IR hydroxyl bands at 3370 and 3399 
c m '1, respectively. In 5 and 6  the C-9 proton signals appeared at 8  4.43 as 
overlapping sextets, (J  = 8.7, 7.8, 7.6 Hz). As expected, the protons at C-10 and 
the two methyl absorptions (C-l 2 and C-l 3) in both alcohols had shifted upfield 
when compared with those of 1. The olefinic C-10 proton signal was a multiplet 
at 8  5.12 in 5 and 8  5.19 in 6 . The methyl group (C -l2) in 5 adsorbed at 8  1.74 
(d, J  = 1.1 Hz) and at 8  1.72 (d, /  = 1.1 Hz) in 6 , and the respective C-13 methyl 
signals appeared at 8  1.71 (d, J  = 1.1 Hz) and 8  1.69 (d, J  = 1.1 Hz).
Compound 8  showed IR spectral bands at 3020 and 877 cm -1 suggesting 
the presence of a methoxy and a vinylidene moiety, respectively. The presence of 
a methoxy group was confirmed by the !H NMR spectrum which showed a three-
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proton singlet at 8  3.21 and in the 13C NMR spectrum the appearance of an 
additional carbon at S 49.2 was observed. The two methyl signals (C -l2  and C- 
13) are equivalent appearing as a six-proton singlet at 8  1.24. The multiplet at 8  
6.07 in 1 was absent in 8  and the olefinic C-10 signal in the 13C NMR spectrum at 
8  123.8 was replaced by a methylene signal at 8  53.2. The above data suggest 
that compound 8  was obtained by the Michael addition of methanol to the oc,P~ 
unsaturated ketone moiety of 1. The *H and 13C NMR data of 5, 6 , and 8  are 
shown in Tables 1 and 3.
Compound 2 , Q 5 H2 4 , was isolated from the dichloromethane extract of S. 
pauciflosculosa as a colorless oil with IR bands at 876 and 831 cm-1, suggesting 
the presence of a vinylidene and isopropylidene group, respectively. The *H 
NMR spectral data indicated that 2 has a bisabolane skeleton similar to 
compound 1. The absence of a carbonyl function at C-9 was indicated by an 
upfield chemical shift of the two methyl signals (H-12 and H-13) appearing at 8  
1.71 and 1.61 and the olefinic proton at 8  5.10 (H-10). The chemical shifts of the 
other olefinic protons (H-2, H-3, and H-15) were essentially the same as those of
1. The spectral data were in agreement with the structure of the known (-)-P- 
sesquiphellandrene [5] except for the optical rotation which was positive in 2 
showing that compound 2 represents (-i-)-episesquiphellandrene. Since detailed 
*H and 13C NMR data were not previously reported for p-episesquiphellandrene, 
they are presented in Tables 1 and 3.
Compound 3, C 1 5H2 4 , exhibited two olefinic !H NMR signals at 8  5.16 
and 5.19 which were assigned to protons H-4 and H-10, respectively. The 
signals at 8  1.61, 1.68 and 1.64 suggested the presence of three vinyl methyl 
groups. The stereochemistry of 3 was based on the chemical shift of the methyl 
group (H-14) which appeared as a sharp singlet at 8  0.82. This upfield chemical
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shift is due to the shielding effect of the endocyclic double bond upon the methyl 
group which is positioned above the 7t orbital of the double bond [7,8] typically 
observed in the bergamotene skeleton. Indeed, compound 3 was found to be 
identical with the known sesquiterpene (-)-a-trans-bergam otene, previously 
isolated from the oil of black pepper [6 ].
Compound 4, C1 5H2 4 O2 , was a colorless oil with IR bands at 810 and 8 6 6  
cm-1, indicating the presence of an isopropylidene and endoperoxide, respectively. 
The !H NMR spectrum exhibited signals at 8  4.6 (ddd, /  = 6.1, 3.7, 1.7 Hz) and 
4.4 (ddd, J  = 6.2, 1.8, 1.8 Hz) which were assigned to the respective protons of 
the endoperoxide-bearing carbons C-2 and C-5. This was corroborated by the 
13C NMR spectral data for the oxygen-bearing carbons 2 and 5 which were in 
good agreement with data reported for ascaridol [9]. Signals for a secondary 
methyl group at 8  0.8 (d, J  = 6.5 Hz) and three olefinic methyls at 8  1.60, 1.68 
and 1.94 (d, J  =1.1  Hz) were apparent from the !H NMR spectrum. The band at 
8  1.94 was assigned to the C-4 methyl group (H-15), its downfield chemical shift 
being caused by the presence of the endoperoxide group at C-5. Also, the signal 
at 8  6.26 (dq, J  = 6.2, 1.8, 1.8 Hz) belongs to the olefinic proton at C-3, which is 
strongly dishielded by the C-2 endoperoxide moiety [10]. Finally, the 
stereochemistry of the endoperoxide was deduced from the chemical shift of the 
methyl group (H-14) in comparison with equivalent signals of compounds 11 and
12. The chemical shift of the methyl absorption (H-14) was near 8  0.8 in 4 and
12. In contrast, a downfield shift of H-14 in 11 indicated that both the methyl and 
the endoperoxide function are on the same side in 11 but on opposite sides in 4 
and 1 2 .
(-f-)-Epicurlone (1) and (+)-episesquiphellandrene (2) decompose in the 
presence of air under light exposure yielding compounds 9 ,19  from 1, and 10 from
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2 . Since naturally occuring compounds such a bithiophenes can act as singlet 
oxygen sensitizers [1 1 ] oxidative degradation of 1  and 2  could involve a singlet 
oxygen process to form hydroperoxide intermediates which can undergo further 
rearrangements [12] to form products such as compounds 9 and 10. In particular, 
compound 9 could be formed in a singlet oxygen reaction of 1. An alternative 
mechanism could proceed via a free radical route [13], which was supported by 
the fact that (+)-epicurlone does not decompose in the presence of the 
antioxidant 2,6-cis-(l,l-dimethylethyl)-4-methylphenol commonly known as 
butylated hydroxytoluene (BHT).
The *H NMR spectrum of 9 indicated the presence of the same type of 
methyl groups as in compound 1. When compared to those of compound 1, the 
olefinic protons H-2 and H-3 had shifted downfield to 8  6.84 (dt, J  = 10.3, 1.9 Hz) 
and 6.03 (dd, J  = 10.7, 3.2 Hz), respectively, strongly suggesting the presence of 
a carbonyl group at C-4. This was confirmed by the 13C NMR spectrum which 
showed the presence of 14 carbon signals including another carbonyl absorption 
in addition to that of C-9. The same changes were also observed in the *H NMR 
spectrum of compound 1 0 .
Singlet oxygen reaction [14] of (+)-epicurlone yielded compounds 9 and 
11 to 20. The !H NMR spectra of compounds 11 to 18 indicated the presence of 
an endoperoxide group bonded to carbons 2 and 5 of the cyclohexyl ring. The 
relative stereochemistry of the endoperoxide was based on the chemical shift of 
the C-7|3-methyl (H-14). In 11, H-14 shifted downfield to 8  1.02 compared to 8  
0.84 in 12, the downfield chemical shift of the methyl protons (H-14) in 11 being 
due to the dishielding effect of the endoperoxide. This indicated that the 
endoperoxide is oriented towards the C-7p-methyl in 11 but on the opposite side 
in 12. The stereochemistry of the other endoperoxides was determined using the
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same argument applied to structures 11 and 12. In the *H NMR spectra of 11 
and 12 the exocyclic methylene and the two characteristic olefinic protons H-2 
and H-3 present in 1 were absent. Instead, vinyl methyls at 8  1.94 (d, J  -  1.5 
Hz) and 1.95 (d, /  = 1.7 Hz) and the respective olefinic proton signals (H-3) 
appeared at 8  6.33 and 6.17. The *H NMR spectra of 13 and 14 suggested the 
presence of a conjugated aldehyde due to the presence of a singlet at 8  9.64 and 
an olefinic signal appearing as a doublet of a doublet at 8  7.53 in 13 and 8  7.43 in
14. This downfield chemical shift of H-3 suggested that it is conjugated to the 
aldehyde. The 13C NMR spectrum of 14 confirmed the presence of an aldehyde 
moiety by the presence of a signal at 8  187.0. The JH NMR spectrum of 
compounds 15 and 16 showed a broad two-proton singlet at 8  4.33, indicating the 
presence of a primary alcohol at C-15. This was confirmed by the IR spectra 
which showed hydroxyl bands at 3445 and 3426 cm*1, respectively. In 
compounds 17 and 18 the presence of a hydroperoxide function at C-15 was 
evident from the presence of characteristic broad singlets at 8  8.4 and 8  8.64 in 
the JH NMR spectrum, respectively. In 18, the two protons of the methylene 
bearing the hydroperoxide appeared as two proton singlets at 8  4.65 and 8  4.63.
The !H NMR spectra of compounds 19 and 20 indicated aromatic protons. 
In compound 19 the presence of an aldehyde (C-15) was evident while in 20 the 
presence of a hydroperoxide was suggested. In 19, protons 2 and 6  appeared at 
8  7.39 and at 8  7.24 in 20 while protons 3 and 5 absorbed at 8  7.80 and 8  7.32, 
respectively. In comparison to 1, the methyl doublet (H-14) was shifted 
downfield to 8  1.29 in 19 and 8  1.23 in 20 because of its attachment to a benzylic 
position. A broad singlet at 8  7.98 in the *H NMR of 20 together with a 
methylene signal at 8  79.1 in the 13C NMR spectrum supported the presence of a
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benzylic hydroperoxide. The molecular weight was also in agreement with the 
proposed structure.
Bioassay Data.
At the concentrations tested, the S. pauciflosculosa sesquiterpenes had 
only minor effects on the germination and radicle growth of test species (Table 
4). Schizachyrium  radicle growth was significantly stimulated by 10' 4  M 
solutions of (-i-)-epicurlone and (-)-a-trans-bergamotene but Leptochloa was not 
affected by all three sesquiterpenes (1-3). Rudbeckia radicle growth was slightly 
reduced by 10‘4  M solutions of (+)-epicurlone and (-)-a-trans-bergam otene. 
Lettuce germination was inhibited by saturated aqueous as well as 1(H and 10-5  
M solutions of (+)-epicurlone, and was stimulated significantly by a 10-4  M 
solution of (-)-a-trans-bergamotene.
Bioassays of aqueous solutions of compound 9 as well as the mixture of 
decomposition products of (+)-epicurlone (1 ) irradiation of 1  which had been 
obtained by bubbling oxygen through its solution showed no significant effects on 
the germination or radicle growth of test species. This suggested that the 
decomposition mixture of (+)-epicurlone or its major decomposition product 9 are 
unlikely to be involved in allelopathic effects of S. pauciflosculosa.
EXPERIMENTAL
Plant material. Aerial parts of Solidago pauciflosculosa were collected in 
June 1987 2 km West of the entrance of highway 292 into Perdido Key, Florida by 
Dr. G. Bruce Williamson; voucher deposited at the Louisiana State University 
Herbarium, Voucher No. 70385.
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Extraction and isolation. Fresh leaves (1.5 kg) were separated from the stems 
and soaked twice with 4.5 L of H2 O for 24 hr at 25°. The combined water 
extracts were re-extracted (5X) with 0.5 L of CH2 O 2  per 1.0 L of H2 O and 
combined CH2 CI2  extracts were evaporated in vacuo to yield 7.5 g of crude 
extract. The extracted leaves were air-dried for 12 hr and soaked with hexane 
(3.5 L; 3X), twice with CH2 CI2  (4.0 L each) and once with methanol (4.0 L), 
yielding 37 g, 102 g, and 27 g of crude extracts, respectively. Part of the hexane 
extract ( 6  g) was treated with cold acetone and the fatty acids ppt. removed by 
suction filtration. The acetone solubles (4.0 g) were subjected to CC over silica 
(60-200 mesh) eluting with hexane and hexane:CH2 Cl2  mixtures of gradually 
increasing polarity which provided 500 mg of 1.
Part of the CH2 CI2  extract (20.5 g) was treated with charcoal to remove 
chlorophyll, yielding 19.8 g of chlorophyll-free extract which was chromatographed 
over silica gel (SILICAR TLC-7GF) using Vacuum Liquid Chromatography 
(VLC) [15], eluting with hexane:CH2 Cl2  mixtures of gradually increasing polarity 
yielding 260 x 22 ml fractions. Fractions 8  and 9 were combined and 
chromatographed by prep. TLC on silica gel with hexane yielding compounds 2 
(70 mg), 3 (41 mg) and 7. Fraction 2 (1.3 g) from the VLC run was 
chromatographed by CC over silica gel, with hexane:EtOAc (20:1), giving 104 x 
22 ml fractions. Fractions 25 to 29 were combined and chromatographed on prep. 
TLC with hexane:CH2 C l2  (2:1, 3X) giving 5 fractions. Fraction 2 was re­
chromatographed on prep. TLC with hexane CH2 CI2 (2:1, 3X) yielding compound 
4 (1.7 mg).
Reduction o f (+)-epicurlone. Compound 1 (92 mg) was dissolved in 5 ml 
of methanol. 20 mg of NaBFLt were added and the mixture was stirred for 1.5 hr 
and then hydrolysed with 3 ml of 3% aq. NaOH. Extraction with 50 ml of CH2 CI2
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(2X) which upon evaporation gave a residue which was chromatographed by 
prep. TLC with CH2 CI2  to yield alcohols 5 (7 mg), and 6  (7 mg), and compound 8  
(5 mg).
Oxidative degradation o f  (+)-epicurlone and (+)-episesquiphellandrene. 
90 mg of (+)-epicurlone was left at room temperature for 45 days. Column 
chromatography and prep. TLC separation afforded compounds 9 (7 mg) and 19 
(1 mg). A fraction from the VLC run of the CH2 CI2  extract containing compound 
2  decomposed yielding compound 1 0  ( 2  mg).
Singlet oxygen reaction o f  (+)-epicurlone. (+)-Epicurlone (603 mg) and 
1 1  mg of methylene blue were dissolved in 50 ml of CH2 CI2 . A constant flow of 
oxygen was bubbled through the solution while exposed to light from a regular 
lamp. The solution was maintained at room temperature for most of the reaction. 
More CH2 CI2 had to be added every 0.5 hr due to evaporation. This process was 
repeated for 3 days ( 8  hr each day). The reaction was monitored by TLC and 
after most of the starting material had disappeared the reaction was stopped. 
The solution was then passed through silica gel and washed with EtOAc under 
vacuum to remove the methylene blue. The filtrate was chromatographed by CC 
over silica gel using CH2 Cl2 :EtOAc mixtures of gradually increasing polarity 
collecting 80 fractions (22 ml each). Fractions 17 to 20, and 21 to 25 after prep. 
TLC separation, yielded compounds 11 (1.4 mg), 12 (1.1 mg), 14 (7.9 mg) and 13 
(0.3 mg). Fractions 51 to 57 provided, after prep. TLC separation, compounds 18 
(4.2 mg) and a mixture containing 17 and 18. Prep. TLC separation of fractions 
31 to 40 yielded compound 20 (2.7 mg). Fractions 70 to 79 afforded after prep. 
TLC separation compounds 15 (0.7 mg) and 16 (1.8 mg). Compounds 9 and 19 
were also present in the mixture.
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Bioassays. Bioassays were carried out in large glass jars (480 ml, 8  cm 
diameter) with foil-lined lids to provide a firm seal. Each dish was lined with one 
layer of Whatman No. 1 filter paper and contained twenty-five seeds of one of 
four species [Lettuce, (Lactuca sativa L.); blackeyed-susan, (Rudbeckia hirta 
L.); little bluestem, (Schizachyrium scoparium  (Michx.) Nash) and green 
sprangletop, (Leptochloa dubia  (H.B.K.) Nees)]. Each treatment was 
replicated three times, and in the case of little bluestem, six times.
Compounds were added to the center of the filter paper in 50 |il Me2 CO 
and the solvent allowed to evaporate (>3 min.). Five jil of DMSO was added to 
the center of the filter paper as a solubilization agent, followed by 5 ml water. 
Test solutions were 10‘4, 10 '5, and 10' 6  M of (+)-epicurlone (1), (+)- 
episesquiphellandrene (2), and (-)-a-trans-bergamotene (3), saturated aq. soln. 
of each (no DMSO), and H2 O and H2 O+DMSO controls. Saturated solutions 
were prepared by sonication followed by filtration. The assay carried out in the 
dark at room temp, for 3 days (lettuce) or 5 days (all others). Dishes were 
frozen to terminate growth prior to measurement of radicle length and 
germination. Seeds were considered to be germinated if the radicle protruded at 
least 1 mm. Data were analyzed by comparing the treatment mean to the 
corresponding control using Student's r-test.
(6S)-2-methyl-6-[(lR)-4-methylene-2-cyclohexen-\-y\]-2-hepten-4-one 
(1). C 1 5H2 2 O, colorless oil; [ a ] £ 5 = +2.0° (MeOH; c 0.014); IR V&& cm4 ; 1686 
(conj. ketone), 787 (vinylidene) UV Ym|pH cm4: 236 (conj. ketone and conj. 
diene); EIMS mtz (rel. inti): 218 [M]+ (2), 120 (100), 83 (34), 55 (15); NMR 
in Table 1; 13C NMR in Table 3.
(6S)-2-methyl-6-[(lR)-4-methylene-2-cyclohexen-l-yl]-2-heptene  (2). 
C 1 5 H 2 4 ,  colorless oil; [ a ] £ 5 = + 5.7° (CHCI3 ; c 0.008); IR cm-1; 876
40
(vinylidene), 831 (isopropylidene); EIMS mlz (rel. int.): 204 [M]+ (16), 120 (27), 
109 (22), 69 (100), 55 (25); NMR in Table 1; 13C NMR in Table 3.
(-)-a-trans-bergamotene  (3). Q 5 H 2 4 , colorless oil; [cx]d5 = 2 2 .6 ° 
(CHCI3 ; c 0.004); IR vm§[ cm*1: 830 (isopropylidene)l EIMS mlz (rel. int.): 204 
[M]+ (2), 120 (12), 119 (96), 107 (30), 105 (27), 93 (100), 77 (29), 55 (19), 41 
(38); *H in Table 1; 13C NMR in Table 3.
(6S)-2-methyl-6-[(lR)-(2R,5S)-endoperoxy-4-methyl-3-cyclohexen-l-yl]~ 
2-heptene (4). C 1 5 H 2 4 O2 , yellow oil; IR v&Sf cm-1: 810 (isopropylidene), 8 6 6  
(endoperoxide); EIMS mlz (rel. int.): 236 [M]+ (6 ), 218 (4), 204 (1 ), 200 (1), 
152 (6 ), 83 (35), 69 (8 6 ), 55 (69), 41 (100); *H NMR in Table 1; 13C NMR in 
Table 3.
(6S)-2-methyl-6-[(\R)-4-methylene-2-cyclohexen-l-yl]-2-hepten-4-ol (5). 
C 1 5H2 4 O, colorless oil; [cc] £ 5 = -29.2° (CHCI3 ; c 0.008); IR vMtF cm-1: 3399 
(OH), 843 (isopropylidene); EIMS mlz (rel. int.): 220 [M]+ (0.2), 202 [M-H2 0 ]+ 
(1.7), 187 [202-CH3]+ (0.7), 125 (15), 120 (100), 105 (16), 91 [C7 H7]+ (26), 85 
(30), 77 (14), 55 (5); NMR in Table 1; 13C NMR in Table 3.
(6S)-2-methyl-6-[(lR)-4-methylene-2-cyclohexen-l-yl]-2-hepten-4-ol (6 ). 
C 1 5 H2 4 O, colorless oil; [oc]g5 = +21.0° (CHCI3 ; c 0.005); IR v£fP  cm*1: 3370 
(OH), 879 (vinylidene); 1676 (conj. diene), 843 (isopropylidene); EIMS mlz (rel. 
int.): 220 [M]+ (0.8), 202 [M-H2 0 ] + (0.8), 187 [202-CH3]+ (1), 125 (27), 120 
(100), 91 [C7 H7]+ (31), 85 (34), 55 (7), 55 (5); *H NMR in Table 1; 13C NMR in 
Table 3.
(6S)-2-methoxy-2-methyl-6-[(\R)-4-methylene-2-cyclohexen-l-yl]-2- 
heptanone (8 ). C 1 6 H2 6 O 2 , colorless oil; [oc]d5 = -21.4° (CHCI3 ; c 0.002); IR 
cm-1: 3020 (OMe), 877 (vinylidene); EIMS mlz (rel. int.): 250 [M]+ (0.1),
41
218 [M-MeOH]+ (4), 93 (29), 91 [C7 H7]+ (63), 77 (52), 73 (100), 55 (5); !H 
NMR in Table 1; 13C NMR in Table 2.
(6 S )-2 -m e th y l-6 -[ ( \R )-2 -cyc lo h exen -A -o n e] -2 -h ep ten -A -o n e  (9). 
C 1 4 H 2 0 O2 , colorless oil; [a ]g 5 = -17.2° (CHCI3 ; c 0.003); IR V& & 1 cm-1: 1684 
(conj. ketone); EIMS mlz (rel. int.): 220 [M]+ (3), 205 [M-CH3]+ (1), 123 (3), 
95 (7), 83 (44), 55 (100); *H NMR in Table 1; 13C NMR in Table 3.
(6S)-2-methyl-6-[(lR)-2-cyclohexen-4-one]-2-heptene (10). C 1 4 H 2 2 O, 
colorless oil; [oc]q5 = -19.5° (CHCI3 ; c 0.002); IR v^ax1 cm*1: 1686 (conj. ketone); 
EIMS mlz (rel. int.): 206 [M]+ (4), 191 [M-CH3]+ (0.2), 123 (9), 95 (16), 77 
(21), 69 (37), 55 (28), 41 (100); NMR in Table 1.
(6S)-2-methyl-6-[(lR)-(2R,5S)-endoperoxy-4-methyl-3-cyclohexen-l-yl]- 
2-hepten-A-one (11). C1 5H2 2 O3 , colorless oil; IR Vmax1 cm-1: 1686 (conj. ketone); 
EIMS mlz (rel. int.): 250 [M]+ (0.1), 218 [M -02]+ (5.9), 203 [218-CH3]+ (1.6), 
120 (19), 105 (20.6), 91 [C7 H7]+ (14), 83 (100), 77 (13), 55 (22), 39 (27); 
NMR in Table 2.
(6S)-2-methyl-6-[(lR)-(2S,5R)-endoperoxy-4-methyl-3-cyclohexen-l-yl]- 
2-hepten-A-one (12). C1 5H2 2 O3 , colorless oil; IR Vmax1 c n r1: 1686 (conj. ketone); 
EIMS mlz (rel. int.): 250 [M]+ (0.1), 218 [M -02]+ (7), 203 [218-CH3]+ (0.8), 
120 (15), 111 (10), 105 (15), 83 (100), 77 (11), 55 (28), 39 (22); !H NMR in 
Table 2.
(6S)-2-methyl-6-[(lR)-(2R,5S)-endoperoxy-A-formyl-3-cyclohexen-\-yl]- 
2-hepten-A-one (13). C 1 5H2 0 O4 , colorless oil; IR Vmax1 cm-1: 1690 (conj. ketone), 
1728 (conj. aldehyde); EIMS mlz (rel. int.): 264 [M]+ (0.4), 232 [M -02]+ (2), 
217 [232-CH3]+ (2), 162 [217-55]+ (0.7), 134 [217-83]+ (17), 83 (100), 77 (9), 
55 (52); }H NMR in Table 2.
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(6S)-2-methyl-6-[(lR)-(2S,5R)-endoperoxy-4-formyl-3-cyclohexen-l-yl] 
2-hepten-A-one (14). C 15H2 0 O4 , colorless oil; IR v max’ cm*1: 1684 (conj. ketone); 
EIMS mlz (rel. int.): 264 [M]+ (0.1), 232 [M -02]+ (2), 217 [232-CH3]+ (0.7), 
134 [217-83]+ (49), 105 (10), 91 [C7 H 7 ]+ (6 ), 83 (100), 77 (7), 55 (35), 
NMR in Table 2; NMR in Table 3.
(6S)-2-methyl-6-[(lR)-(2R,5S)-endoperoy-4-methylene-3-cyclohexen-l- 
yl]-2-hepten-4-one (15). C 1 5H2 2 O4 , colorless oil; IR Vmtx1 cm-1: 3445 (OH) 1684 
(conj. ketone); EIMS mlz (rel. int.): 266 [M]+ (0.6), 251 [M-CH3]+ (0.1), 238 
(4), 177 (36), 159 (25), 149 (100), 93 (16), 81 (29), 51 (9), 41 (58); !H NMR in 
Table 2.
(6S)-2-methyl-6-[(lR)-(2S,5R)-endoperoxy-4-methyleneoxy-3- 
cyclohexen-\-yl\-2-hepten-4-one  (16). C 1 5 H2 2 O4 , colorless oil; IR Vmlx1 cm*1: 
3426 (OH), 1684 (conj. ketone); EIMS mlz (rel. int.): 266 [M]+ (0.1), 216 [M- 
0 2 -H 2 0 ]+  (4), 201 [216-CH3]+ (1), 105 (10.9), 83 (100), 77 (7), 55 (36), 39 
(15); *H NMR in Table 2.
(6S)-2-methyl-6-[(lR)-(2S,5R)-endoperoxy-4-methyleneperoxy-3- 
cyclohexen-\-yl]-2-hepten-4-one (18). C 1 5 H2 2 O5 , colorless oil; IR Vmfx1 cm*1: 
1687 (conj. ketone); EIMS mlz (rel. int.): 250 [M -02]+ (0.02), 235 [250-CH3]+ 
(0.03), 216 [250-H2O2]+ (2), 134 (12), 105 (20), 91 [C7 H7]+ (5), 77 (6 ), 55 (28), 
39 (14); *H NMR in Table 2.
(6S)-2-methyl-6-[4-formylphenyl]-2-hepten-4-one  (19). C 1 5 H 1 8 O 2 , 
colorless oil; IR cm*1: 1686 (conj. ketone); EIMS mlz (rel. int.): 230 [M]+ 
(14), 215 [M-CH3]+ (5), 91 [C7 H7]+ (7), 83 (100), 77 (8 ), 55 (19); JH NMR in 
Table 2.
(6S)-2 -m ethyl-6-[4-m ethyleneperoxyphenyl]-2-hepten-4-one  (20). 
C i5 H2 0 O3, colorless oil; IR v$gj? cm*1: 3378 (OOH), 1684 (conj. ketone); EIMS
43
mlz (rel. int.): 248 [M]+ (4), 233 [M-CH3]+ (3), 230 (12), 151 (9), 105 (10), 9 
[C7 H7]+ (11), 83 (100), 77 (14), 55 (18); !H NMR in Table 2; NMR in Table 
3.
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CHAPTER II, PART A
Table 1. 'H  NMR spectral data o f  com pounds 1* to 10 (200  M H z, CDCI3 , CDCI3  as int. standard).
H 1 2 3 4 5 6 8 9 10
1 2.25 2.24 2.09 2.28 2.24
2 6.12dd 6.1 Odd 2.02 4.63ddd 6.16dd 6.15dd 6.16dd 6.84dt 6.84dt
3 5.67d 7.70d — 6.26dq 5.66d 5.67d 5.66d 6.03 dd 6.03dd
4 — — 5.16m — — — — — —
5 2.43ddd 2.45ddd 2.00 4.33ddd 2.44ddd 2.45ddd
5' 2.29 2.29 1.59 — 2.25 2.30
6 1.73dddd 1.70 2.13 2.34ddd 1,40dddd 1.42dddd
6’ 1.39dddd 1.41 — l . l ld d d
7 2.17 1.57 2.30d 1.01
T — — 1.18d — — — — — —
8 2.48 1.38 2.23 1.39dddd
8' 2.20 1.20 2.16 1.11
9 — 2.02 2.30 2.01 4.43ddd 4.43ddd — —
9' — 1.97 1.97 1.87 — — — —
10 6.07m 5.10m 5.19m 5.10m 5.12m 5.19m 6.07m 5.10m
12 1.89d 1.61 1.61bs 1.60 1.71d 1.69d 1.24s 1.90d 1.61s
13 2 .14d 1.71 1.68d 1.68 1.74d 1.72d 1.24s 2.16d 1.70s
14 0.88d 0.86d 0.84s 0.81d 0.86d 0.90d 0.86d 0.93d 0.90d
15 4.77s 4.76s 1.64d 1.94d 4.75s 4.75s 4.75s — —
15’ 4.85s 4.74s — — 4.75s 4.75s 4.75s — —
OCH3 — — — — — — 3.21s — —
♦Compounds 1, 2, 3 and 4 run at 400 MHz.
Coupling constants in Hz or line separations: compound 1 : 2  = 10 .0 ,2 .0 ,3  = 10.0,5 = 1 2 .0 ,3 .7 ,6  = 1 3 .1 ,8 .3 ,4 .2 ,3 .9 ,6 ' = 
13.1 ,12 .7 ,10 .0 ,3 .8 ,12  = 1.0,13 = 1.0,14 = 6.3; compound 2: 2 = 10.0 ,2 .4 ,3  = 9.9, 5 = 14.8,3.9, 3 .9 ,14  = 6.7; com pounds 7 
= 8.5. T  = 8.5,13 = 0.8,15 = 1.9; compound 4 :2  = 6.7, 3 .7 ,1 .7 .3  = 6 .2 ,1 .8 ,1 .8 , 5 = 6 .2 ,1 .8 ,1 .8 ,6 ' = 13.1, 8.8,4.3, 8 = 13.1, 
8.4,6.3, 3 .6 ,10  = 7.0, 7 .0 ,1 .2 ,1 .2 ,14  = 6.5,15 = 1.7; compound 5 :2  = 10.0 ,2 .5 ,3  = 10.0,5 = 14.9,3.8, 3.8, 5' = 10.5,10.5,3.8, 
9 = 8.7, 7.8, 7 .6 ,12 = 1.1,14 = 6.7; compound 6: 2 = 10.0, 2.5, 3 = 10,5 = 14 .9 ,4 .0 ,4 .0 ,6  = 10 .4 ,3 .7 ,9  = 12 .6 ,8 .8 ,4 .7 ,12  = 
1.1,13 = 1.1,14 = 6.9; compound 8: 2 = 9.9, 2.0, 3 = 10.2, 14 = 6.5; compound 9: 2 = 10 .3 ,1 .9 ,3  = 10.7, 3 .2 ,12 = 1.0,13 = 1.0, 
14 = 6.6; compound 10: 2 = 10.2,1.9, 3 = 10.2, 2.8, 14 = 6.8.
CHAPTER II, PART A
Table 2. 'H  NM R spectral data o f  com pounds 11* to 20 (200 MHz, CDCI3 , CDCI3  as int. standard).
H 11 12 13 14 15 16 17 18 19 20
1
2
3
4.54d
6.33dt
4.50bm
6.17bm
4.88d
7.53dd
4.71ddd
7.43dd
4.64bdd
6.56dd
4.69dd
6.40dd 6.7bd
4.77dd
6.52bd
7.39d
7.80dd
7.24d
7.32d
5 
5'
6 
6'
7 
7'
8 
8' 
9
4.40m 4.44bm 5.22m 5.24dd 4.64bdd 4.58bm 4.58bm 7.80dd 7.32d
7.39d 7.24d
3.43sextet 3.35sextet
2.78dd
2.67dd
2.68dd
2.68dd
9’
10
12
13
14
15 
15'
OOH
6.11m
1.86s
2.13s
1.02d
1.94d
6.03m 
1.89s 
2.15d 
0.84d 
1.95d
6.1 lbs
1.90s
2.15s
1.08d
9.64s
6.06bm
1.91d
2.17d
0.85d
9.64s
6.11m
1.89s
2.14s
1.04d
4.33bs
4.33bs
6.04bm
1.90s
2.15s
0.86d
4.33bs
4.33bs
6.1bm
1.05d
8.4bs
6.04 bm
1.90s
2.15s
0.86d
4.65s
4.63s
8.64bs
6.0 lbm
1.86s
2.10d
1.29d
9.96s
6.02bm
1.86s
2.10s
1.23d
4.97s
7.98s
Coupling constants in HZ or line separations: compound 11:2  = 6.4, 3 = 6 .5 ,1 .8 ,14  = 6.5 ,15 = 1.5; compound 12: 13 = 0 .9 ,1 4  = 
6.7,15 = 1.7. compound 13: 2 = 6.2, 3 = 6 .4 ,1 .8 .14  = 1.1; compound 14: 2 = 6 .0 ,3 .7 ,1 .7 ,3  = 6 .1 ,1 .8 ,5  = 4 .4 ,1 .7 ,1 2  = 0.8,13 =
0.8, 14 = 6.7; compound 15: 2 = 6 .0 ,0 .9 ,3  = 6.8, 1.3, 5 = 6 .0 ,0 .9 ,14  = 6.3; compound 16: 2 = 6.1,1.7, 3 = 4 .0 ,1 .6 ,14  = 6.7: 
compound 17: 3 = 6.0, 14 = 6.8; compound 18: 2 = 3.9, 1.7, 3 = 6.0, 14 = 6.7; compound 19: 2,6 = 8.1, 3,5 = 8.2,1.6, 7 = 7.1, 8 = 16.3,
7 .1 ,8 '=  16.2, 7 .6 ,1 3 = 0 .9 , 14 = 7.2, compound 20: 2,6 = 8.6,3,5 = 8.1, 7 = 7.1, 8 ,8 '=  15.9,7.3,14 = 6.8. ^
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Table 3. 13C NMR spectral data of compounds 1-6,8,9,14,18 and 20 (100 MHz, CDCI3 , CDCI3 as int. standard).
c 1 2 3 4 5 6 8* 9* 14* 18* 20*
1 40.3d 40.6d 41.2s 40.1 d 40.7d 41.0d 40.5d 40.6d 40.4d 40. Id 133.5s
2 129.9d 129.5d 46.8d 73.9da 129.7d 129.7d 130.1d 154.2d 67.3d 73.6da 127.1d
3 133.5d 135.2d 116.5d 122.9d 134.7d 134.7d 133.7d 130.0d 145.1d 128.2d 129.2d
4 143.0s 143.7s 144.5s 142.0s 143.5s 143.6s 143.3s 199.6sa 143.5s 140.9s 147.3s
5 29.9t 30.4t 39.lt 75.7db 30.3t 30.3t 30.lt 37.3t 73.4d 72.6db 129.2d
6 24.7t 24.5t 39.1d 24.8t 24.4t 24.5t 25.0t 24.2t 28.2t 28.4t 127.1d
7 33.1d 36.6d 31.9t 36.7d 33.5d 33.1d 32.6d 32.7d 32.2d 33.0d 35.4d
8 48.4t 34.3t 31.5t 34.0t 42.0t 42.0t 49.2t 48.2t 49.6 t 49.2t 52.4t
9 200.3s 26.lt 24.2t 28.3t 67.2d 6 6 .6 d 209.6s 199.7sb 199.2s 199.8s 199.5s
1 0 123.8d 124.8d 125.3d 124.3d 128.2d 128.7d 53.2t 123.8d 123.7d 123.9d 124.0d
11 154.6s 131.2s 131.0s 131.6s 135.5s 134.6s 74.4s 156.2s 156.8s 156.3s 155.5s
1 2 27.4q 17.6q 17.6q 17.7q 18.2q 18.1q 24.9q 2 0 .8 q 20.9q 2 0 .8 q 27.6q
13 20.4q 25.7q 25.7q 25.7q 25.8q 25.7q 24.9q 27.7q 27.7q 27.7q 21.9q
14 16.3q 15.8q 17.4q 16.0q 16.3q 15.8q 16.6q 16.5q 17.8q 17.6q 20.7q
15 1 1 0 .lt 109.9t 23.Oq 18.5q llO.Ot llO.Ot 110.4t — 187.2d 75.8t 79.lt
OCH3 - - -------- ---- ---- ---- — 49.2q — ---- ---- ----
*50 MHz
a-bSignals may be interchangeable in any column
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Table 4. Effect o f (+)-epicurlone (1), (+)-episesquiphellandrene (2) and (-)-a-trans-bergemotene (3) on germination and 
radicle growth of three Florida sandhill species and lettuce.
Species Compound Germination, % of control! Radicle Length, % of control
Satd lO^M 10-5M lO^M Satd 1(HM 10-5M 10-^M
Schizachyrium 1 112 109 126 106 89 136** 123 97
scoparium 2 128 124 109 102 80 93 118 111
3 112 122 131* 119 99 119** 109 106
controls H20 30% 14.2mm
H2O-0.1% DMSO 36% 11.6mm
Leptochloa I 92 92 92 110 115 86 91 86
dubia 2 123 116 118 129 131 109 105 107
3 104 116 108 92 119 101 98 84
controls H 2 0 64% 21.4 mm
H2O-0.1% DMSO 51% 22.9 mm
Rudbeckia I 96 113 108 117 81 83* 89 89*
hirta 2 104 104 109 86 84* 80* 93 77*
3 100 93 102 115 90 92 97 92
controls h 2o 71% 10.1 mm
H2O-0.1% DMSO 72% 10.9 mm
Lactuca 1 65* 49** 77** 98 101 162* 101 97
sativa 2 87 100 102 85 66 84 86 86
3 98 126* 106 117 66 84 109 90
controls h 2o 73% 14.8 mm
h 2o -o. i % DMSO 63% 14.0 mm
‘•’ ‘ Indicates significant difference from the corresponding control at p < 0.05 and p < 0.01, respectively.
^Germination and radicle length are expressed as % of H2O control for the saturated sesquiterpene solutions and of the 
H2O-O.I9& DMSO control for the 10"4 - 10-6 M solutions.
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1 r =c h 2
2 9-desoxy, R=CH2
5 9-desoxy, aOH, PH, R=CH2
6 9-desoxy, POH, aH, R=CH2 
9 R=0
10 9-desoxy, R=0
14
12 13
11 R=CH3, 2aH, 5aH
12 R=CH3, 2pH,5pH
13 R=CHO, 2cxH,5aH
14 R=CHO, 2PH,5pH
15 R=CH2OH, 2aH,5aH
16 R=CH2OH, 2pH,5pH
17 R=CH2OOH, 2aH,5cxH
18 R=CH2OOH, 2pH,5pH
5
3
H
OMe
R
7 9-desoxy, R=CH3
19 R=CHO
20 R=CH2OOH
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Figure 2.1. *H NMR spectrum of (+)-epicurlone (1) in CDCI3 .
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Figure 2.2. DEPT 90,135 and BB l3C NMR spectra of (+)-epicurlone (1) in CDC13
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Figure 2.3. ^H -^C correlation spectrum of (+)-epicurlone (1) in CDCI3 .
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Figure 2.4. NMR spectrum of (+)-episesquiphellandrene (2) in CDCI3 .
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Figure 2.5. DEPT 90,135 and BB 13C NMR spectra of 
(+)-episesquiphellandrene (2) in CDCI3 .
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Figure 2.6. ^H -^C  Correlation spectrum of (-)-a-trans-bergamotene (3) in CDCI3 .
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Figure 2.7. *H NMR spectrum of compound 4 in CDCI3 .
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Figure 2.8. DEPT 90,135 and BB NMR spectra of compound 4 in CDCI3 .
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Figure 2.9. *H NMR spectrum of compound 5 in CDCI3 .
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Figure 2.10. *H NMR spectrum of compound 6  in CDCI3 .
Ul
00
IS
3.5
2.6
JLr v.
10
jlA .
14
13
A j
12
U
T "1 1 1 1 1 | 1 1 1 1 |  1 1 1 1 | 1 1 1 i | i i i '  |  i i i i | i i i— i— |— i— i— i— i— |— i— i— i— i— |— i— i— i— r
7 . 0  6 . 5  6 . 0  5 . 5  5 . 0  4 . 5  4 . 0  3 . 5  3 . 0  2 . 5
PPM
2 . 0 1 . 5  1 . 0
Figure 2.11. lH NMR spectrum of compound 7 in CDCI3 .
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Figure 2.12. NMR spectrum of compound 8  in CDCI3 .
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Figure 2.13. NMR spectrum of compound 9 in CDCI3 .
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Figure 2.14. Broad Band NMR spectrum of compound 9 in CDCI3 .
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Figure 2.15. NMR spectrum of compound 10 in CDCI3 .
o\U1
13 15 12
\>jJ
| 1 1 1 1 1 1 i i i | ' ' 1 ' | ' r i  | i i i i, | i -r■ t—i i i i i | i i i i -y- i ■ i i r | i i i i | i i i i | i i -7 - i | i n  -i | -1--T1-1—
7 . 0  6 . 5  6 . 0  5 . 5  5 . 0  4 . 5  4 . 0  3 . 5  3 . 0  2 . 5  2 . 0  1 5  1 0
PPM
Figure 2.16. NMR spectrum of compound 11 in CDCI3 .
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Figure 2.17. *H NMR spectrum of compound 13 in CDCI3 .
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Figure 2.18. NMR spectrum of compound 14 in CDCI3 .
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Figure 2.19. Broad Band NMR spectrum of compound 14 in CDCI3 .
O n-J
HO.
PPM
Figure 2.20. NMR spectrum of compound 15 in CDCI3 .
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Figure 2.21. NMR spectrum of compound 16 in CDCI3 .
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Figure 2.22. Broad Band 13c NMR spectrum of compound 18 in CDCI3 .
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Figure 2.24. !h  NMR spectrum of compound 20 in CDCI3 .
to
— I— '— '— '— I— ■— '— '— i— '— 1— ■— I— '— I— '— I— '— '— '— I— ■— '— '— I—  
200 180 160 140 120 100 80
PPM
Figure 2.25. Broad Band NMR spectrum of compound 20 in CDCI3 .
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DITERPENES FROM  SOLID AGO PA UCIFLOSCULOSA: 
EFFECTS ON FLORIDA SANDHILL SPECIES
Marios A. Menelaou, Jeffrey D. Weidenhamer,* G. Bruce Williamson,1- 
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Leovigilo Q u ija n o tt  and Nikolaus H. Fischer§
Departments of Chemistry and tBotany 
Louisiana State University 
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Key W ord Index — Solidago pauciflosculosa', Asteraceae; Heliantheae; 
diterpenes; allelopathy.
A b s tra c t  -- The aerial parts of Solidago pauciflosculosa  (syn C hrysom a  
pauciflosculosa) gave the known diterpenes 17-oxygrindelic acid, 17-oxogrindelic 
acid and 17-carboxygrindelic acid as well as the new diterpene 17-hydroxy-7a, 
8 a-epoxygrindelic acid. 17-Oxogrindelic acid decomposes in the presence of air 
giving three products. The structural data of the natural compounds as well as 
those of degredation products and derivatives are presented. The structures of 
the new compounds were elucidated by chemical and spectroscopic methods. 17- 
Oxygrindelic acid and 17-oxogrindelic acid were tested for their effect on the 
germination and radicle growth of the Florida sandhill species, as well as Lactuca 
sativa. At concentrations of 12 to 48 ppm, 17-oxogrindelic acid reduced the 
germination and radicle growth of Schizachyrium scoparium  and Leptochloa  
dubia, two native grass species, but did not reduce germination and slightly 
stimulated radicle growth of Rudbeckia hirta and Lactuca sativa. Mixtures of 17- 
oxogrindelic acid with an equimolar mixture of three S. pauciflosculosa
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sesquiterpenes, (+)-epicurlone, (+)-episesquiphellandrene and (-)-a-trans- 
bergamotene, did not enhance activity. 17-Oxygrindelic acid was in general less 
active in reducing germination and growth than 17-oxogrindelic acid.
*Present address: Department of Chemistry, Ashland University, Ashland,
OH 44805 (USA).
ttPerm anent address: Departamento de Quimica Organica, Facultad de
Ciencias, Mexico.
§ Author to whom correspondence should be addressed.
INTRODUCTION
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The well-drained sandy soil of Florida and southeastern Coastal Plain 
support two different types of vegetation, the sandhill and the scrub communities 
separated by a zone of very little or no vegetation [1]. The vegetation of the 
sandhill is composed mainly of longleaf pines and a dense herbaceous cover. In 
contrast, the scrub is dominated by sand pine and evergreen shrubs with little or 
no herbaceous cover. The other striking difference in these two communities is 
the frequency of fires in the sandhill, every 3-5 years, in contrast to every 50-60 
years in the scrub. We are currently investigating the hypothesis [1] that 
allelochemicals are produced and released by members of the scrub community 
that deter the invasion of sandhill grasses which provide the fuel to surface fires.
In continuation of our search for allelochemicals from the scrub species [2] 
which inhibit the germination and growth of native grasses of the Florida sandhill 
community, we have investigated Solidago pauciflosculosa  (Asteraceae), a 
common shrub of the Florida scrub. Previous investigation of the aerial parts of
S. pauciflosculosa  [3] provided several sesquiterpenes which showed minor 
effects on the germination and radicle growth of sandhill grasses.
A continuation of the study of chemical constituents of S. pauciflosculosa 
showed the presence of diterpene acids in the water extracts of fresh leaves. 
Three known diterpenes, all derivatives of grindelic acid, were isolated along with 
a new one, 17-hydroxy-7a,8a-epoxygrindelic acid. The two major diterpenes 
were 17-oxygrindelic acid (1 ) and 17-oxogrindelic acid (2 ) which showed 
inhibition on the radicle length of two native grasses of the Florida sandhill 
community, Schizachyrium scoparium and Leptochloa dubia. When exposed to 
air, 17-oxogrindelic acid decomposed to give three products. The results of our
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chemical studies and bioassays of the two major diterpenes of S. pauciflosuclosa 
are discussed below.
RESULTS AND DISCUSSION
Chemical data.
The aerial parts of S. pauciflosculosa afforded the known compounds 
oxygrindelic acid (1), oxogrindelic acid (2) and 17-carboxygrindelic acid (9) 
isolated as its methyl ester as well as the new compound 17-hydroxy-7a,8oc- 
epoxygrindelic acid (13). Compounds 1 ,2 , and 9 had been previously isolated as 
their methyl esters [4,5]. Oxygrindelic acid is a colorless gum with IR bands at 
3416 and 1711 cm -1 suggesting the presence of an alcohol and a carboxylic acid, 
respectively. The ]H NMR spectrum indicated the presence of four quaternary 
methyls at 8  0.92, 0.89, 0.82 and 1.41, the latter one being over oxygen. In 
addition, a broad two-proton singlet at 5 4.13 was assigned to the methylene 
group of a primary alcohol. The mass spectrum showed a prominent peak due to 
a Retro-Diels-Alder (RDA) fragmentation. Since 13C NMR data of this 
compound as well as the other diterpenes had not been previously described, 
they are presented in Table 2. Oxidation of 1 with Mn0 2  in CH2 CI2  afforded an 
aldehyde which was identical to 17-oxogrindelic acid (2). Aldehyde 2, a 
colorless gum, showed an IR band at 1711 cm-1 due to the carboxylic acid and the 
aldehyde moiety. The JH NMR data were similar to those of 1. The broad two- 
proton singlet at 8  4.13 due to the methylene protons of the primary alcohol group 
in 1 was replaced by a one-proton singlet at 8  9.37 indicating the oxidation of the 
primary alcohol to the aldehyde. The olefmic signal at 8  5.99 (dd, 7=3.6, 3.6 Hz) 
of compound 1 shifted to 8  7.00 (dd, 7=4.2, 3.2 Hz) in 2 due to its conjucation with
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the aldehyde moiety. The mass spectrum of 2 also exhibited a prominent peak at 
mlz 210 due to a RDA fragmentation.
Acetylation of 1 with acetic anhydride in pyridine afforded compounds 3 
and 4. Diterpene 3 was previously isolated as its methyl ester 11 [6 ]. The 
presence of the primary acetate was indicated by the appearance of a methyl at 5 
2.06 and two doublets at 8  4.65 and 4.51 (7=12 Hz) typical of a methylene 
bearing an ester. Compound 4 is a colorless gum with an IR band at 1753 cm’ 1 
indicating the presence of a lactone. Its !H NMR spectrum exhibited signals for 
the four methyl groups present in the previous compounds and two signals at 8  
4.83 (dt, 7=12.7, 1.5, 1.5 Hz) and 4.71 (d, 7=12.6 Hz) due to the C-17 methylene 
group bearing the oxygen of the lactone. The absence of an acetate methyl group 
from an acetate and the decrease in the polarity of this compound when compared 
to oxygrindelic acid suggested that 4 is a lactone. The molecular weight as well 
as the RDA fragment agree with the assigned structure. The presence of a 
methylene signal at 8  71.1 (C-17) and a quaternary carbon at 8  174.4 (C-15) in 
the 13C NMR spectrum confirmed this structure. The formation of the lactone 
under these conditions involves an exchange of the diterpene acid with acetic 
anhydride to form a mixed anhydride which reacts further with the primary 
alcohol to form the nine-membered lactone [7].
17-Oxogrindelic acid (2) decomposes in the presence of air giving the 
dicarboxylic acid 9 as the major product and 14 and 16 as minor ones. Air 
oxidation of aldehydes to give the corresponding carboxylic acids are known 
reactions. Compound 9 has been previously isolated as its methyl ester 5. The 
!H NMR spectra of 9 and 5 were similar to those of 2. The polarity of 9, when 
compared to oxogrindelic acid, increased dramatically and in its ]H NMR 
spectrum the aldehyde signal at 8  9.37 had disappeared. Its 13C NMR spectrum
exhibited two signals at 8  174.4 and 172.5 typical of an ester or carboxylic acid 
carbonyl absorption. 17-Norgrindelic acid (14) and 7,8-dihydro-9-oxo-17- 
norgrindelic acid (16) are new compounds formed most probably by the 
decarbonylation of oxogrindelic acid via a free radical mechanism [8 ] forming 
initially the acyl radical which decomposes under loss of CO. Both 14 and 16 are 
very unlikely to be derived from decarboxylation of diacid 9 since 9 did not show 
any signs of decomposition even after long-term storage. Compound 14 showed 
IR bands at 3750 and 1707 cm ' 1 typical of a proton of a carboxylic acid and a 
carbonyl, respectively. The XH NMR spectrum exhibited four methyl signals as 
well as two olefinic signals at 8  5.84 H-7 (ddd, 7=9.8, 4.7, 2.5 Hz) and 8  5.54 H- 8  
(ddd, 7=9.8, 2.1, 2.1 Hz) coupled to each other (7=9.8 Hz). The mass spectral 
data confirmed the assigned structure and the position of the double bond. The 
molecular ion 306 was in agreement with the empirical formula of 14 and the RDA 
fragment mlz (182) positions the double bond at carbons 7 and 8 . 7,8-dihydro-8- 
oxo-17-Norgrindelic acid (16), a colorless gum, exhibited an IR band at 1715 cm ' 1 
indicative of a ketone and/or a carboxylic acid. Its ]H NMR spectrum had the four 
typical methyl absorptions as well as two signals at 8  2.96 and 8  2.28 assigned 
to the protons H-7 alpha to the carbonyl. The mass spectral molecular ion (mlz 
322) of 16 had a relative intensity of 41%. Its 13C NMR spectrum (Table 2) 
showed the presence of only 19 carbons one of them being at 8  212.3 typical of a 
ketone. The ketone was placed at C- 8  based on the multiplicity of the signals of 
the proton H-7 next to the carbonyl.
The diazomethane reaction of a portion of the water-CH2 C l2 extract 
afforded compounds 5, 6  and 7. Compound 5 is the dimethyl ester of 17- 
carboxygrindelic acid (9). Compounds 5 and 7 had been previously isolated from 
Grindelia robusta [4]. The X-ray structure and 13C NMR spectral data of 7 had
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not been previously reported so they are included here. The *£[ NMR spectra of 
5, 6 , and 7 were very similar to the compounds described above. Compound 6  is 
the monomethyl ester derived from the dicarboxylic acid 9. Compounds 7 and 8  
exhibit C-15 carbomethoxy methyl absorptions at 5 3.65 and 8  3.61, respectively. 
In 5 the two ester methyl groups absorb at 8  3.63 and 3.73. Based on chemical 
shift comparison, the conjugated methyl ester (C-17) has to absorb at 8  3.73. In 
compound 6  the ester methyl absorbed at 8  3.71 and it was assigned to the 
conjugated ester group on the same argument. This assignment was confirmed 
by comparing the *£1 NMR spectra of compounds 6  and 10. Compounds 10, 15 
and 17 were obtained from the decomposition of methyl-oxogrindelate (8 ). Since 
1 0  represents the methyl ester of oxogrindelic acid, the position of the methyl 
ester has to be at C-15. The chemical shift of the ester methyl in the !H NMR 
spectrum is at 8  3.63 and is in agreement with those of 7 and 8  which are known 
to also have the methyl ester at C-15. The two protons at C-14 appear at 8  3.22 
and 8  2.44 in compound 6  while in 10 they absorb at 8  2.80 and 2.62. The above 
data unambiguously elucidate the structure of compound 6 . Compounds 15 and 
17 are the methyl esters of 14 and 16. Their structure elucidation was achieved 
by comparing their ]H NMR spectra with those of 14 and 16 as well as their 
mass spectral data.
Compounds 11 and 12 were obtained from the diazomethane reaction of a 
chromatographic fraction rich in diterpene 3. Compound 11 was previously 
isolated from Grindelia stricta [6 ], Compound 12 was also obtained from 13 
which is most probably a minor component of the crude extract. Since the 
epoxide 13 could not be isolated from the crude extract it was obtained by 
reacting the crude water-CH2 Cl2 extract, rich in 1, with mCPBA. The 
stereochemistry of the epoxide was determined by comparison of its 13C NMR
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spectrum with that of the epoxide of grindelic acid [4,9]. The chemical shift of C-5 
in 13 shifted 4.6 ppm at higher field in comparison to that of 1 indicating that the 
epoxide is alpha oriented [9]. The *H NMR spectrum of 12 showed a signal at 8  
3.20 belonging to H-7. The two protons at C-17 appeared as two doublets at 8  
4.41 and 3.95 (7=12.1 Hz) in comparison to a singlet in 1. This is due to the 
restriction in rotation of that moiety because of the presence of a larger group 
(OAc). The same result was observed in compounds 3 and 11. The epoxide also 
seems to restrict the rotation of the primary alcohol moiety because the two 
protons at C-17 of 13 showed as doublets (7=12.3 Hz) at 8  3.83 and 8  7.78, 
instead of a singlet as in 1 .
X-ray data o f methyl-oxygrindelate (7).
The two six-membered rings have the trans decalin skeleton. They are 
trans-fused at C5-C10 and adopt two different conformations. Ring A has the 
chair conformation while ring B is distorted to a half chair due to the double bond 
at C7-C8. The furan ring is also in the half-chair conformation. The data for 
methyl-oxygrindelate (7) are in very close agreement with those obtained for 
methyl grindelate [10]. The hydroxy group 0 4  forms on intermolecular hydrogen 
bond with the furan oxygen 0 1 , having distance 2.813(3) A. The positional 
parameters of 7 are listed in Table 5. Further crystallographic data are deposited 
at the Cambridge Crystallographic Data Centre.
Bioassay data.
In the assays of oxogrindelic acid 2 in combination with the sesquiterpene 
m ixture [((+)-epicurlone, (-t-)-episesquiphellandrene and ( - ) -a - tra n s -  
bergamotene)] there was no indication of a synergistic effect between these 
compounds (Table 4). The sesquiterpene mixture alone significantly inhibited 
only little bluestem germination. In general, only the highest concentration of 17-
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17-oxygrindelic acid (2) was active in reducing germination and growth (maximum 
176 ppm if all solubilized). Inhibitory effects were greatest on the two native grasses. 
At 5 x 1CH M, the germination of S. scoparium and L. dubia were reduced to 56 and 
40% of control, respectively, and radicle growth to 52 and 43% of control, 
respectively. Aqueous solutions of the aldehyde 2 were more active (Figs. 2.25a and 
2.25b) probably due to the incomplete solubilization when the compounds were 
deposited on filter paper. Little or no increase in activity was observed when 
oxogrindelic acid (2 ) was combined with the sesquiterpene mixture.
Results of the aqueous solution bioassays of alcohol 1 and aldehyde 2 are 
summarized in Figs. 2.25a and 2.25b. Germination of the two dicot species was 
minimally affected by the two diterpenes. Significant reductions of germination was 
observed with both native grasses, with the aldehyde 2  being slightly more active 
(Fig. 2.25a). The higher activity of the aldehyde was expected due to its greater 
alkylating power. 17-Oxogrindelic acid (2) also had a greater effect on radicle 
elongation of the grasses, reducing radicle growth 35-40% at 48 ppm (Fig. 2.25b). 
Surprisingly, the aldehyde 2 had no effect on blackeyed-susan and a stimulatory 
effect on lettuce radicle elongation, while the alcohol 1  did show activity, reducing 
lettuce growth 15% and blackeyed-susan growth 41% at 120 ppm. The low activity 
observed with lettuce confirms earlier observations with allelochemicals obtained from 
other scrub species that lettuce is less sensitive to those compounds than are the native 
sandhill grasses.
Statistical comparisons (ANOVA) of germination of each species of the 
decomposition mixture of 17-oxogrindelic acid (2) in each test solution to the controls 
revealed only seven cases of active inhibition from the 100 tests (4 species x 5 
solutions x 5 concentrations). These cases were not common to any
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Figure 2.25a. Effect of 17-oxygrindelic acid (1) and 17-oxogrindelic acid (2) from 
Solidago pauciflosculosa  on the germination of Schizachyrium  
scoparium, Leptochloa dubia, Rudbeckia hirta and lettuce.
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Figure 2.25b. Effect of 17-oxygrindelic acid (1) and 17-oxogrindelic acid (2) from 
Solidago pauciflosculosa on the radical growth of Schizachyrium  
scoparium, Leptochloa dubia, Rudbeckia hirta and lettuce.
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test solutions, nor was higher inhibition found at higher concentrations (Table 5). 
Therefore, no pattern of biological activity is evident. However, comparisons of 
radicle lengths revealed eleven cases of inhibition and nine of stimulation (Table 
6 ). All the stimulation occured in lettuce, whereas inhibition were found in three 
native species. The aldehyde 2 itself was particularly inhibitory to Leptochloa, 
whereas the dicarboxylic acid 9 decomposition product and the decomposition 
mixture were both effective on Rudbeckia and Schizachyrium.
EXPERIM ENTAL
Plant material. Aerial parts of Solidago pauciflosculosa were collected in 
June 1987 2 km West of the entrance of highway 292 in Perdido Key, Florida by 
Dr. G. Bruce Williamson; voucher deposited at the Louisiana State University 
Herbarium, Voucher No. 70385.
Extraction o f Plant Material. Fresh leaves (1.5 kg) were extracted as described 
previously [3].
Isolation o f diterpenes 1 and  2. Both compounds are present in all three 
extracts, water-CH2 Cl2 , hexane, and CH2 CI2 . The hexane extract is rich in 
compound 2  and the CH2 CI2  in compound 1 . 3.46 g of hexane extract (after 
removal of fatty acids) was chromatographed on silica (TLC-7GF) using vacuum 
liquid chromatograpy (VLC) [ 1 1 ] and hexane, CH2 C I2  mixtures and 
CH2 Cl2 /Ethyl acetate (EA) mixtures of increasing polarity yielding 24 (20 ml) 
fractions. Fractions 15 and 16 (148 mg) were combined and chromatographed on 
prep. TLC using CH2 Cl2 :EA (7:1) as solvent yielding 47 mg of compound 2. 
Fraction 23 (183 mg) was chromatographed on prep. TLC using hexane:EA 
(2:1;2X) as solvent yielding 36 mg of compound I.
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Acetylation. The CH2 CI2  extract (44.5 g) was chromatographed on silica 
(TLC-7GF) using VLC and hexane, CH2 CI2  and CH2 CI2  EA mixtures of 
increasing polarity. Fractions 13 and 14 were combined (5.17 g) and 
rechromatographed using column chromatography yielding 171 fractions (22 ml 
each). Fractions 48 to 6 6  were combined (0.896 g), 0.51 g of which was added to 
1.51 ml of pyridine and 0.5 g of acetic anhydride and left overnight. The pyridine 
was then evaporated on the rotary-evaporator using benzene to azeotropically 
remove pyridine. The residue was chrom atographed using column 
chromatography and CH2 CI2/EA mixtures of increasing polarity yielding 47 
fractions (22 ml each). Fractions 4 to 18 were combined ( 8  mg) and 
chromatographed on prep. TLC using CH2 CI2  yielding 6  mg of pure compound 4. 
Fractions 29 to 36 were combined (21 mg) and chromatographed on prep. TLC 
using CH2 O 2/EA (4:1) as solvent yielding 7 mg of compound 3.
Diazomethane reaction. The water-CH2 C l2  extract (894 mg) was 
dissolved in 10 ml of anhydrous ether. Freshly prepared CH2 N2  from the reaction 
of l-methyl-3-nitro-l-nitrosoguanidine (MNG) with conc. NaOH solution and 
collected in ether was added to the stirring extract solution for about 0.5 hr. The 
solution was left overnight in the hood, and after evaporation of the solvent the 
residue was chromatographed using VLC on silica (TLC-7GF) and hexane 
CH2 CI2 mixtures of increasing polarity giving 21 fractions (20 ml each). Fraction 
11 (9 mg) was chromatographed on prep. TLC (2X) using CH2 CI2  giving four 
fractions. The least polar fraction (1 mg) was compound 5. Fraction 16 (95 mg) 
was chromatographed on prep TLC using 6:1 CH2 CI2 /EA giving 3 fractions of 
which the middle one was compound 6  (27 mg). Fraction 17 ( 6 6  mg) was 
chromatographed on prep. TLC using CH2 CI2 /EA (5:1;2X) giving 4 fractions. 
Fractions 1 and 2 were combined (21 mg) and rechromatographed by prep. TLC
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using hexane'.EA (2:1,3X) giving 4 fractions of which the least polar fraction 
contained compound 7 (5 mg).
Fraction 16 (95 mg) from the VLC of the hexane extract was reacted with 
freshly prepared diazomethane. The reaction mixture was chromatographed on 
prep. TLC using hexane/EA (3:1) yielding 7 mg of compound 8 .
Compound 8  (11.3 mg) was left on the bench to decompose under the 
exposure to air. The most polar fraction from the prep. TLC of the decomposition 
mixture was compound 1 0 .
A fraction rich in compound 3 was reacted with CH2 N2  and after prep. 
TLC separation it gave compound 11 plus a fraction exhibiting *H NMR signals 
typical of compound 1 2 .
Oxidation o f ally lie alcohol 1. VLC of the combined fractions 15 and 16 of 
the CH2 CI2  extract enhibited *11 NMR signals typical of compound 1. This 
terpenoid fraction (0.4 g) was mixed with 40 ml of dry hexane and 1.5 g of 
activated MnC>2 and refluxed for 1.5 hr. After suction filtration over a bed of celite 
the solvent was evaporated in vacuo and the residue was chromatographed on 
prep. TLC with CH2 CI2  yielding 72 mg of compound 2 . This aldehyde 
decomposed on the bench in the presence of air. The decomposition mixture was 
chromatographed by prep. TLC using CH2 CI2 yielding compounds 9,14, 16 and 
undecomposed 2. Compound 2 decomposes within a few hours in the presence of 
sunlight.
1 2  mg of the decomposed aldehyde 2  was reacted with CH2 N 2 giving 
compounds 15,17 and 6  after prep. TLC separation (2X) using CH2 CI2 .
Epoxidation. 45 mg of compound 1 1  was dissolved in 3 ml of CH2 CI2  and 
24 mg of metachloroperoxybenzoic acid (mCPBA) was added slowly to this
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mixture at room temperature and left stirring for 4 hr. After chromatographic 
separation a diterpene epoxide was isolated which was identical to compound 1 2 .
The \Vater-CH2 Cl2  extract (188 mg) rich in compound 1 was dissolved in 20 
ml of CH2 CI2 . To this mixture were added 150 mg of mCPBA and the solution was 
left under magnetic stirring at room temperature for 1 hr. Evaporation of the solvent 
and chromatographic separation using VLC and then prep. TLC yielded compound
13.
X-ray data o f methyl-oxygrindelate (7). A colorless crystal of dimensions 
0.08 x 0.30 x 0.45 mm was used for data collection on an Enraf-Nonius CAD4 
diffractometer equipped with CuK a radiation (k = 1.54184 A) and a graphite 
monochromator. Crystal data are: C2 1 H3 4 O4 , Mr = 350.05, orthorhombic space 
group P2 i 2 i 2 i, a = 8.7677(13), b = 13.737(2), c = 16.624(2) A, V = 2 0 0 2 .2 (8 ) A3, 
Z = 4, dc = 1.163 g/cm3, T = 24°C. Intensity data were measured by co-20 scans of 
variable rate designed to yield I = 25o(I) for all significant reflections. Two octants 
were collected within the limits 2° < 0 < 75°. Data reduction included corrections for 
background, Lorentz, polarization and absorption. Absorption corrections (p. = 5.9 
cm-1) were based on psi scans, with minimum relative transmission coefficient 
85.79%. Of 4107 unique data, 2565 had I > 3a (I) and were used in the refinement.
The structure was solved by direct methods and refined by full matrix least 
squares, treating nonhydrogen atoms anisotropically, using the Enraf-Nonius SDP
[12]. Hydrogen atoms were located in difference maps and included as 
fixed contributions. Convergence was achieved with R = 0.05511 and 
Rw = 0.06266. The mirror-image structure was refined under identical conditions, 
yielding R = 0.05523 and Rw = 0.06287. The X-ray structure of the former 
enantiomer is illustrated in Fig. 2.25c, and its coordinates are tabulated in Table 3.
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Diterpene-sesquiterpene bioassays. Assays were conducted in 480 ml 
glass jars lined with 1 sheet of Whatman no. 1 filter paper. Lids were lined with 
foil and tightly sealed to prevent volatilization of the sesquiterpenes. Each dish 
contained twenty-five seeds of one of four test species. The monocot species 
used were two native sandhill grasses, little bluestem cv. "Cimarron", 
Schizachyrium scoparium  (Michx.), Nash and green sprangletop, Leptochloa  
dubia (H.B.K.) Nees. Dicot species tested were blackeyed-susan, Rudbeckia  
hirta  L., also a sandhill species, and lettuce CV. "Great lakes 118", Lactuca  
sativa  L. Treatments were replicated six times for little bluestem and three 
times for the other test species. Assays were carried out in the dark at room 
temperature (23-25° C), and terminated after three days for lettuce and five days 
for the other species. Dishes were frozen to terminate growth prior to 
measurement of radicle length and germination. Seeds were considered to be 
germinated if the radicle protruded at least 1 mm.
The sesquiterpene test mixture was an equimolar mixture 0.1 mM 
(approx. 2 0  ppm) of the three sesquiterpenes (+)-epicurlone, (+)- 
episesquiphellandrene, and (-)-a-trans-bergamotene previously isolated from 
Solidago pauciflosculosa [3]. Oxogrindelic acid (2) was assayed at 35 and 175 
ppm, both separately and in combination with the sesquiterpene mixture. 
Because of the difficult solubilization of the diterpene aldehyde 2, sesqui- and 
diterpenes were applied to the center of the filter paper in acetone. The acetone 
was allowed to evaporate completely, and 5 p.1 DMSO added as solubilizing 
agent, followed by 5 ml water. Both water and water-0.1% DMSO controls were 
run. Concentrations are expressed assuming complete solubilization.
Diterpene aqueous solution bioassays. In order to determine whether 
oxogrindelic acid (2 ) and oxygrindelic acid (1 ) were active at maximum
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concentrations in aqueous solution without the aid of solubilization agents, 
saturated aqueous solutions of each were prepared by sonication for 2 hr. After 
24 hr, solutions were filtered and the concentrations of each determined by UV 
absorbance measurements. Maximum concentration of the alcohol 1 was 120 
ppm, and 48 ppm of the aldehyde 2. Three dilutions of each compound were made 
for determination of dose-response relationships. Assays were conducted under 
the same conditions as before except that 100 x 15 mm plastic Petri dishes 
sealed with plastic film were used.
Bioassays o f 17-oxogrindelic acid  (2) and its decomposition products. 
Bioassays of 17-oxogrindelic acid and its decomposition products were performed 
in plastic Petri dishes, sealed with parafilm, and placed in a germination cabinet 
at ambient temperature (23° C). Each dish contained 25 seeds of one of the four 
test seeds on filter paper with 5 ml of solution. Solutions were prepared in five 
concentrations - saturated (X), 0.75X, 0.50X, and 0.125X (Tables 5 and 6 ). The 
four test seeds were lettuce Lactuca sativa, and three native species common in 
the Florida sandhills, Rudbeckia hirta, Leptochloa dubia, and Schizachyrium  
scoparium. There were six replicate dishes for Schizachyrium and four for each of 
the other species, except only three for the alkene (14) solutions. Controls of 
distilled water were run concurrently at double the replication levels of the test 
solutions.
17-Oxygrindelic acid (1). C2 0 H3 2 O4 , colorless gum; [ c c ] d 3 -50.8° (CHCI3 ; 
c 0.017); IRvN|Ci cm '1: 3416 (OH), 1711 (COOH); EIMS (probe) mlz (rel. int.): 
336 [M]+ (0.1), 212 [RDAJ+ (100), 194 [212-H2 0]+  (5), 176 [194-H20 ] + ( ) ,  
134 (17), 81 (19), 69 (20), 55 (26), 43 (23), 41 (33); l H NMR in Table 1; 13C 
NMR in Table 2.
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17-Oxogrindelic acid (2). C2 0 H3 0 O4 , colorless gum; [ck]d 3 -43.9° (CHCI3 ; 
c 0.04); IR cm-1: 1701 (CHO, C 0 2 H); EIMS (probe), mlz (rel. int.): 334 
[M]+ (0.4), 210 [RDA]+ (100), 182 (10), 150 (17), 110 (49), 91 (20), 79 (18), 77
(13), 65 (8 ), 47 (5); !H NMR in Table 1; 13C NMR in Table 2.
9 317-Acetoxygrindelic acid  (3). C2 2 H3 4 O5 , colorless gum; [o c ]d  -75.7° 
(CHCI3 ; c 0.06); IR v^ix 1 cm-1: 1734 (OCOCH3 ); EIMS (probe), mlz (rel. int.): 
318 [M-AcOH]+ (8 ), 254 [RDA]+ (38), 194 [254-AcOH]+ (78), 176 [194- 
H 2 0 ]+ (72), 161 [176-15]+ (7), 152 (74), 134 (65), 91 (6 8 ), 55 (35), 53 (49), 41 
(100); NMR in Table 1: 13C NMR in Table 2.
Diterpene lactone (4). C2 0 H3 0 O3 , colorless gum; [cc]d3 -61.2° (CHCI3 ; c 
0.02); IR vMtP cm-1: 1753; EIMS (probe) mlz (rel. int.): 318 [M]+ (4), 258 (3), 
215 (5), 201 (11), 194 [RDA]+ (9), 152 (19), 109 (15), 105 (18), 91 (32), 79
(18), 77 (16), 69 (16), 55 (34), 43 (100), 41 (24); iH  NMR in Table 1; 13C in 
Table 2.
2 3Methyl-17-carboxymethylgrindelate (5). C2 2 H3 4 O5 , colorless gum; [ c c ] d  
-41.2° (CHCI3 ; c 0.004); IR cm '1: 1738 (CO2 CH3 ), 1722 (conj. CO2 CH3 );
EIMS (probe) mlz (rel. int.): 378 [M]+ (0.2), 254 [RDA]+ (54), 222 [254- 
MeOH]+ (100), 190 [222-MeOH]+ 19, 194 [222-COJ+ (7), 162 [190-COJ+ (8 ), 
148 [164-14]+ (15), 133 [148-Me]+ (4), 105 (16), 91 (27), 69 (25), 59 (33), 55 
(25), 43 (44), 41 (29); NMR in Table 1; 13C NMR in Table 2.
2 31 l-Carboxymetkylgrindelic acid (6 ). C2 1 H3 4 O5 , colorless gum ; [oc]d
-46.5° (CHCI3 ; c  0.04); IR c m '1: 3372 (C 0 2 H), 1682 (C 0 2 H, CO2 CH3 );
EIMS (probe) mlz (rel. int.): 364 [M]+ (0.4), 240 [RDA]+ (65), 208 [RDA- 
MeOH]+ (100), 190 (5), 162 (10.5), 115 (13), 91 (36), 79 (20), 70 (19), 59 (24), 
43 (73), 41 (36); lHi n  Table 1.
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Methyl-11 -oxygrindelate (7). C2 1 H 3 4 O4 , colorless crystals; MP 104-110° 
C; [oc]d3 -76.2° (CHCI3 ; c 0.008); IR v f i t ?  c m '1: 3451 (OH), 1738 (CO2 CH3 ); 
EIMS (probe) m/z (rel. int.); 350 [M]+ (0.01), 226 [RDA]+ (36), 208 [226-18]+
(19), 176 [208-MeOH]+ (100), 161 [176-15]+ (3), 148 (19), 135 (47), 134 (84), 
105 (29), 91 (43), 81 (64), 79 (36), 55 (6 8 ), 43 (64), 41 (56), NMR in Table 1; 
13C NMR in Table 2.
Methyl-11 -oxogrindelate (8 ). C2 1 H3 2 O4 , colorless gum; IR Vmax1 c n r1: 
1739 (CO2 C H 3 , CHO); EIMS (probe) mlz (rel. int.): 348 [M]+ (0.6), 224 
[RDA]+ (43), 192 [224-MeOH]+ (7), 150 (29), 128 (11), 123 (25), 110 (100), 
105 (22), 97 (50), 91 (36), 77 (27), 69 (39), 55 (41), 43 (34); lH NMR in Table 1; 
13C in Table 2.
17-Carboxygrindelic acid (9). C2 0 H 3 5 O5 , colorless gum; IR vmax' cm-1: 
3144 (COOH), 1699 (COOH); EIMS (probe) mlz (rel. int.): 350 [M]+ (0.5), 226 
[RDA]+ (87), 208 [226-28]+ (100), 190 [208-18]+ (13), 91 (15), 8 6  (11), 84 
(15), 77 (10), 67 (10), 55 (7), 41 (11); *H NMR in Table 1; 13C NMR in Table 2.
M ethyl-11 -carboxygrindelate (10). C2 1 H 3 4 O 5 , colorless gum; EIMS 
(probe) mlz (rel. int.): 364 [M]+ (0.3), 240 [RDA]+ (49.5), 222 [RDA-18]+ 
(100), 190 (18), 162 (11), 148 (23), 139 (12), 121 (16.6), 105 (11), 91 (19), 81
(10.5), 69 (14), 55 (12); !H NMR in Table 1; 13C NMR in Table 2.
Methyl-11 -acetoxygrindelate (11). C2 3 H3 6 O5 , colorless gum; IR WnfSp 
cm-1: 1731 (Ac, CO2 CH3 ); EIMS (probe) m/z (rel. int.): 332 [M-AcOH]+ (0.4), 
268 [RDA]+ (29), 208 [RDA-AcOH]+ (53.3), 176 [208-MeOH]+ (100), 148 
(18), 134 (69), 119 (13), 105 (16), 91 (28), 81 (23), 69 (16), 55 (16), 43 (5); 
NMR in Table 1; 13C NMR in Table 2.
Methyl-11 -acetoxy-1 a ,8 a-epoxygrindelate (12). C2 3 H3 6 O6 , colorless 
gum; IR cm '1: 1741 (Ac, CO2 CH3 ); EIMS (probe) mlz (rel. int.): 408 [M]+
95
(0.2), 348 [M-AcOH]+ (7.6), 333 [348-15]+ (1), 69 (26), 59 (27), 55 (46), 43 
(100), 41 (19); NMR in Table 1.
7a,%a-Epoxy-oxygrindelic acid  (13). C2 0 H3 2 O5 , colorless gum; EIMS 
(probe) m/z (rel. int.): 352 [M]+ (1), 322 (22), 321 (100), 210 (24), 202 (15), 197 
(24), 183 (80), 165 (25), 143 (26), 124 (65), 109 (35), 95 (32), 79 (25), 43 (4); 
*H NMR in Table 1; 13C NMR in Table 2.
11-Norgrindelic acid (14). C 19H3 0 O3 , colorless gum; IR vMa£* cm-1: 3750, 
1707 (C 0 2 H); EIMS (probe) m/z (rel. int.): 306 [M]+ (0.1), 182 [RDA]+ (100), 
164 [182-18]+ (3.4), 146 (2.5), 136 (4.3), 105 (5.3), 122 (10.3), 95 (10.5), 91
(9.5), 79 (7), 41 (5), NMR in Table 1.
Methyl-11 -norgrindelate (15). C2 0 H3 2 O3 , colorless gum; EIMS (probe), 
m/z (rel. int.): 320 [M]+ (0.6), 196 [RDA]+ (100), 164 [196-MeOH]+ (13), 149 
[164-Me]+ (40), 136 (16), 122 (47), 119 (26), 105 (44), 91 (58), 81 (28), 79 
(52), 69 (51), 59 (35), 55 (67), 43 (27), 41 (39); 'H  NMR in Table 1.
7 ,%-Dihydro-%-oxo-ll-norgrindelic acid (16). C 1 9H3 0 O4 , colorless gum; 
IR vmax1 cm-1: 1715 (C 0 2 H, C=0); EIMS (probe), m/z (rel. int.): 322 [M]+ (41), 
185 (63), 169 (100), 151 (28), 123 (18), 107 (19), 95 (24), 67 (36), 55 (42), 43 
(40); !H NMR in Table 1; 13C NMR in Table 2.
Methyl-1,%-dihydro-%-oxo-\l-norgrindelic acid (17). C2 0 H3 2 O4 , colorless 
gum; IR v&ijr1 c n r1: 1733 (CO2 CH3 ); ]H NMR in Table 1.
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CHAPTER II, PART B
Table 1. 'H  NM R spectral data o f com pounds 1* to 17 (200 M Hz, CDCI3 , CDCI3 , as int. standard).
H I 2 3 4 5 6 7 8 9
5 1.74dd
6  
6 '
7 5.99dd
1 .8  ldd 
7.00dd
1.72dd
6.07dd 5.87bd 6.45dd
1.78dd 
6 .8  ldd
1.72d
5.88dd
1.89dd
2.50dt
2.19ddd
6 .8 6 dd
1.81 dd 
7.08dd
8 — — — — — — — —
11
1 1 '
12
14 2.96d 3.00d 2.79d 2.67d 2.80d 3.22d 2.75d
2.54ddd
l.SOddd
2 .8 6 ddd
2 .6 8 d 3.00d
14’ 2.50d 2.4 Id 2.57d 2.54d 2.64d 2.44d 2.63d 2.50d 2.58d
16 1.41s 1.42s 1.40s 1.40s 1.33s 1.41s 1.36s 1.39s 1.40s
17 4.13bs 9.37s 4.65d 4.83dt — — 4.15bs 9.38s —
17' 4.13bs — 4.51 d 4.71d — — 4.15bs — —
18 0.92s 0.94s 0.91s 0.89s 0.90s 0.91s 0.90s 0.92s 0.91s
19 0.89s 0.92s 0 .8 8 s 0.87s 0 .8 8 s 0.90s 0 .8 8 s 0.91s 0.89s
2 0 > 0.82s 0.79s 0.81s 0.84s 0.83s 0.84s 0.80s 0.76s 0.82s
OAc . . . . 2.06s — — — — —
I 5 -OCH3 — - . . . . . . . . . . . . 3.63s 3.65s 3.61s —
17-OCH3 — . . . . — 3.73s 3.71s — — —
•Compounds 3 and 4 run at 400 MHz.
Coupling constants in Hz or line separations: compound 1 :5  = 11.7, 5.7, 7 = 3.6, 3.6, 14 = 15.2 = 15.2; compound 2: 5 = 11.4, 
5.7, 7 = 4 .2 , 3.2,14 = 15.2.14' = 15.6; compound 3: 5 = 11.7, 5.6, 7 = 3 .7 ,3 .7 ,14  = 15.3,14' = 15.3,17 = 12.7,17' = 12.6; 
compound 4: 7 = 5.2, 14 = 13.1, 14' = 12.9, 17 = 12.7, 1.5, 17' = 12.6; compound 5: 7 = 4.9. 2.6, 14 = 14.4,14' = 14.2; compund 
6: 5 = 11.4. 5.8, 7 = 3.8, 3.8,14 = 15.4, 14' = 15.4; compound 7: 5 = 11.7, 5.0, 7 = 3.6, 3.6,14 = 13.9, 14.0; compound 8: 5 = 
11.6, 5 .6 ,6  = 20.7, 5.1, 6 '=  2 1 ,11 .6 ,3 .0 ,7  = 5.4,3.2, 11 = 1 2 .1 ,9 .7 ,6 .3 ,11 '=  12.6, 9.9, 6.4, 14 = 14 .2 ,14 '=  14.2; compound 9: 
5 = 11.4, 5.7, 7 = 4.2, 3.3,14 = 15.0, 14' = 14.9.
CHAPTER II, PART B
Table 1. (continued).
H 10 11 12 13 14 15 16 17
5 l.71dd 1.69dd
6 2.21 ddd
6' 1.72ddd
7 6.81 dd 5.91dd 3.20dd 3.52bd 5.85ddd 5.69ddd 2.96ddd 2.39dd
7' — — — — — — 2.28ddd —
8 — — — — 5.54ddd 5.48dt — —
11
11'
12
14 2.80d 2.67bs 2.75s 2.74d 2.58s 2.66d 2.47d 2.71s
14' . 2.62d 2.67bs 2.75s 2.49d 2.58s 2.54d 2.38d 2.71s
16 1.36s 1.33s 1.35s 1.37s 1.32s 1.26s 1.37s 1.30s
17 — 4.61d 4.41 d 3.83d 0.93s 0.91s 0.95s 1.02s
17' — 4.5 Id 3.95d 3.78d 0.90s 0.88s 0.83s 0.88s
18 0.90s 0.88s 0.87s 0.88s 0.90s 0.86s 0.75s 0.87s
19 0.89s 0.85s 0.86s 0.86s — — — —
20 0.82s 0.78s 0.83s 0.85s — — — —
OAc — 2.05s 2.07s — — — — —
15-OCH-, 3.63s 3.62s 3.66s . . . . — 3.65s — 3.66s
17-OCH3 . . . . — — — — —
Coupling constants in Hz or line separations: compound 10: 7 = 4.6, 2.9, 14 = 14.2, 14' =: 14.3; compound 11:5 = 11.7 ,5 .1 ,7  =
3.0, 17 = 12.5,17' =: 12.6; compound 12:7 = 2.9, 1.2, 17 = 12.1,,1 7 '=  12.1 ; compound 13: 6 '=  15.9,12.7, 3 .1 ,7 = 2.5,14 = 13.6,
14' = 13.7.17 = 12.3, 17' = 12.4; compound 14: 7 = 9.8,4.7, 2.5, 8 = 9.8,2.1, 2.1; compound IS: 5 = 11.8,5.1, 6 = 11.8,11.4,7.4, 
7 = 9 .8 ,4 .9 , 2.3, 8 = 9 .7 ,2 .0 ,2 .0 ,14  = 14.0,14' = 14.0; compound 16: 7 = 13.4, 13.4,6.9,14 = 14.4,14' = 14.6; compound 17:7
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Table 2. ,3C NM R spectral data o f com pounds 1 - 5 ,7  -1 1 , 13 and 16. (50 M H z, CDCI3 , CDCI3 as int. standard).
c 1 2 3 4 5 7 8 9 10 11 13 16
1 39.4t 39 .lt 39.3t 41.5t 37.7t 38.6t 38.4t 38.9t 38.4t 38.0t 40.0t 3 8 .lt
2 18.6t 18.2t 18.6t 18.4t 18.7t 18.8t 18.5t 18.6t 18.7t 18.7t 18.2t 18.6t
3 41.8t 41.5t 41.8t 41.8t 41.8t 42.3t 41.8t 41.7t 41.8t 41.9t 41.6t 41.7t
4 33.3s 33.0s 33.3s 32.9s 33.2s 33.3s 33.2s 33.2s 33.2s 33.2s 33.2s 33.6s
5 42.4d 41.5d 42.4d 42.0d 41.8t 42,0d 41.4d 41.7d 41.5d 42.1d 37.7d 45.6d
6 24.3t 2 6 .lt 24.5t 24.0t 24.4t 24.2t 26.4t 2 5 .lt 24.8t 24.4t 22 .lt 23.2t
7 133.4d 160.8d 136.3d 131.9d 137.6d 130.2d 159.1d 145.3d 141,5d 133.6d 59. Id 37.5t
8 137.9s 141.8s 133.1s 135.8s 135.6s 139.4s 143.0s 133.0s 134.3s 61.9s 212.3s
9 91.6s 88.5s 91.4s 90.6s 88.5s 89.9s 87.6s 89.7s 88.5s 89.5s 88.7s 94.5s
10 40.9s 41.2s 40.9s 41.2s 40.7s 40.9s 41.2s 41.4s 41.0s 40.7s — 43.7s
11 27.2t 26.3t 27.3t 28.5t 27.9t 28.0t 26.5t 27.9t 2 8 .lt 27.9t 26.9t 23.5t
12 32.5t 31.5t 35.5t 31.7t 31.8t 32.6t 31.6t 32.0t 31 -9t 32.5t 31.5t 32.0t
13 81.6s 82.9s 81.5s 85.1s 82.1s 81.9s 83.0s 82.7s 82.4s 81.7s 81.4s 82.8s
14 46.8t 45.8t 4 7 .lt 48.8t 47.2t 47.6t 46.2t 46.8t 4 7 .lt 4 7 .lt 48 .lt 45.8t
15 172.0s 173.4s 171.6s 174.4s 169.9s 172.0s 172.0s 174.4sa 171.9sa 171.6sa 171.4s 173.9s
16 26.9q 26.8q 26.8q 29.5q 27.2q 27.4q 27.2q 27.6q 27.4q 27.2q 26.3q 23.2q
17 65.6t 194.7d 66.3t 71 .lt 172.1s 65.5t 195.lq 172.5sa 172.3sa 66.8t 63.4t 33.4q
18 32.8q 32.5q 32.8q 32.7q 32.7q 32.8q 32.5q 32.6q 32.6q 32.7q 32.6q 22.0q
19 21.8q 21.6q 21.8q 22.2q 22.0q 22.2q 21.8q 21.8q 21.9q 22. lq 22. lq 15.8q
20 16.9q 16.6q 16.8q 17.0q 16.8q 16.9q 16.8q 16.7q 16.8q 16.7q 16.3q
OAc(CH 3) —- — 21.lq — — — — — — 21.lq — —
OAc(CO) 170.7s — — — — 170.8sa — —
I 5 -OCH3 — — — —- 51.2qa 51.4q 51.2q — 51.3q 51.3q —
I 7 -OCH3 — — — — 51.7qa — — — — — — —
aSignals may be interchangeable in any column.
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Table 3. Positional parameters of methyl-17-oxygrindelate (7) and their 
estimated standard deviations.
Atom X ¥ z BeqlA2!
Ol 0.7276(2) 0.1891(2) 0.6232(1) 3.66(4)
0 2 0.8561(4) 0.4531(2) 0.7463(2) 9.53(9)
03 0.6637(3) 0.5186(2) 0.6809(2) 6.74(7)
0 4 0.9090(3) 0.2983(2) 0.3935(1) 5.00(6)
Cl 0.7823(4) -0.0071(3) 0.6707(2) 5.03(9)
C2 0.7155(6) -0.1101(3) 0.6767(3) 7.0(1)
C3 0.5673(5) -0.1150(3) 0.6312(3) 6 .6 (1 )
C4 0.5870(5) -0.0942(3) 0.5415(3) 5.23(9)
C5 0.6735(4) 0.0038(2) 0.5303(2) 3.95(7)
C6 0.7119(5) 0.0248(3) 0.4427(2) 4.90(9)
Cl 0.7876(4) 0.1216(3) 0.4336(2) 4.16(7)
C8 0.8471(4) 0.1732(2) 0.4934(2) 3.60(7)
C9 0.8482(3) 0.1362(3) 0.5796(2) 3.60(7)
CIO 0.8140(4) 0.0243(2) 0.5839(2) 3.91(7)
C ll 0.9935(4) 0.1662(3) 0.6262(2) 4.44(8)
C12 0.9578(4) 0.2641(3) 0.6631(2) 4.66(8)
C13 0.7841(4) 0.2601(3) 0.6805(2) 4.09(8)
C14 0.6967(4) 0.3537(3) 0.6617(2) 4.84(8)
C15 0.7491(4) 0.4442(3) 0.7021(2) 5.51(9)
C16 0.7550(5) 0.2250(3) 0.7648(2) 5.9(1)
C17 0.9130(4) 0.2726(3) 0.4763(2) 4.65(8)
C18 0.4260(6) -0.0816(3) 0.5057(3) 8 .0 ( 1 )
C19 0.6605(7) -0.1816(3) 0.4999(3) 7.9(1)
C20 0.9604(4) -0.0303(3) 0.5545(3) 5.71(1)
C21 0.7040(7) 0.6126(3) 0.7139(3) 8.9(1)
The equivalent isotropic thermal parameter, for atoms defined anisotropically, is 
defined by the equation: Beq = 4/3[a2B n  + b2 B2 2  + c2 B33  + abBi2  cos y + acBi3 
cos (3 + bcB23  cos a].
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Table 4. Effect o f  combinations o f  Solidago-pauciflosculosa sesquiterpenes 
(S E SQ )tt with 17-oxogrindelic acid (2) (DIT) on germination and 
radicle growth o f  three Florida sandhill species and lettuce.
Germination^ Radicle Length 
Species  % o f  control---------
Schizachyrium DIT, 0.1 mM 87 84
scoparium DIT, 0.5 mM 56** 52**
DIT, 0.1 mM + SESQ 77 72
DIT, 0.5 mM + SESQ 58** 55**
SESQ 76* 91
Controls H 20 39% 11.2 mm
H2O-0.1% DMSO 41% 10.4 mm
Leptochloa DIT, 0.1 mM 90 67
dubia DIT, 0.5 mM 40** 43**
DIT, 0.1 mM + SESQ 79 64*
DIT, 0.5 mM + SESQ 48** 46**
SESQ 81 100
Controls h 2o 52% 22.8 mm
H2O-0.1% DMSO 69% 22.7 mm
Rudbeckia DIT, 0.1 mM 113 115
hirta DIT, 0.5 mM 87 76*
DIT, 0.1 mM +SE SQ 100 107
DIT, 0.5 mM + SESQ •79* 74*
SESQ 115 106
Controls h 2o 74% 8.1 mm
H2O-0.1% DMSO 71% 7.7 mm
Lactuca DIT, 0.1 mM 108 108
sativa DIT, 0.5 mM 105 92
DIT, 0.1 mM + SESQ 106 119
DIT, 0.5 mM + SESQ 108 86*
SESQ 105 102
Controls h 2o 91% 25.7 mm
H2O-0.1% DMSO 83% 25.7 mm
*,**Indicates significant difference from the control at p < 0.05.
^Germination and radicle length are expressed as % of the H2O-0.1% DM SO  
control.
ItSE SQ  concentration = 20 ppm.
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Table 5. Germination o f four tests species as means o f  3-6 replicates. 
Means different from the control (P=0.05) are indicated by 
asterisk.
Solution Lact. Rubd. Schiz. Lept.
Aldehyde (2)
Sat. (X) 24.50 21.50 10.00 12.25
0.75X 22.75 20.25 8.50* 11.25
0.50X 24.75 21.00 11.00 12.75
0.25X 24.00 21.25 11.33 14.00
0.125X 20.75* 22.75 12.00 13.75
Dicarboxylic acid (9)
Sat. (X) 23.75 20.50 10.67 14.75
0.75X 24.25 21.75 11.17 12.75
0.50X 24.00 21.75 10.00 14.00
0.25X 24.00 20.00 11.83 15.00
0.125X 25.00 22.00 12.83 14.75
Ketone (16)
Sat. (X) 23.75 19.00 11.33 13.75
0.75X 24.50 20.75 11.00 16.50
0.50X 24.25 20.75 12.00 14.25
0.25X 23.50 19.50 10.67 14.50
0.125X 22.75* 20.50 10.67 15.25
Alkene (14)
Sat. (X) 23.50 21.75 12.00 15.25
0.75X 22.75 23.25 11.50 16.75
0.50X 22.75 21.50 11.33 10.00*
0.25X 24.50 20.00 12.50 14.75
0.125X 24.25 20.50 13.33 15.00
Decomposition mixture
Sat. (X) 24.00 21.67 10.50 12.67
0.75X 24.00 23.33 12.00 14.33
0.50X 22.33* 20.00 13.67 17.33
0.25X 22.00* 21.67 10.00 15.67
0.125X 25.00 20.67 9.33* 15.00
Control
W ater 24.25 21.62 11.90 15.00
Concentrations o f  Saturated solutions are: A ldehyde (2) (X=27 ppm ), D icarboxylic acid (9) 
(X =95 ppm )
Ketone (16) (X =36 ppm  m ax.),+ Alkene (14) (X=17.5 ppm  m ax.),+ and D ecom position 
m ixture (X =86 ppm m ax.)+
+m ax concentration if  com pletely in solution.
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Table 6. Radicle lengths (mm) o f  four test species presented as means 
o f  3-6 replicates. Means different from the control (P=0.05) are 
indicated by asterisk.
Solution Lact. Rwbd- Schiz;, Lept.
A ldehyde (2)
Sat. (X) 24.50 21.50 10.00 12.25
0.75X 22.75 20.25 8.50* 11.25
0.50X 24.75 21.00 11.00 12.75
0.25X 24.00 21.25 11.33 14.00
0.125X 20.75* 22.75 12.00 13.75
Dicarboxylic acid (9)
Sat. (X) 23.75 20.50 10.67 14.75
0.75X 24.25 21.75 11.17 12.75
0.50X 24.00 21.75 10.00 14.00
0.25X 24.00 20.00 11.83 15.00
0.125X 25.00 22.00 12.83 14.75
Ketone (16)
Sat. (X) 23.75 19.00 11.33 13.75
0.75X 24.50 20.75 11.00 16.50
0.50X 24.25 20.75 12.00 14.25
0.25X 23.50 19.50 10.67 14.50
0.125X 22.75* 20.50 10.67 15.25
Alkene (14)
Sat. (X) 23.50 21.75 12.00 15.25
0.75X 22.75 23.25 11.50 16.75
0.50X 22.75 21.50 11.33 10.00
0.25X 24.50 20.00 12.50 14.75
0.125X 24.25 20.50 13.33 15.00
Decom position mixture 
Sat. (X) 24.00 21.67 10.50 12.67
0.75X 24.00 23.33 12.00 14.33
0.50X 22.33* 20.00 13.67 17.33
0.25X 22.00 21.67 10.00 15.67
0.125X 25.00 20.67 9.33* 15.00
Control
W ater 24.25 21.62 11.90 15.00
C oncentrations o f  Saturated solutions are: A ldehyde (2) (X=27 ppm ), D icarboxylic acid (9) 
(X =95 ppm )
K etone (16) (X =36 ppm  m ax.),+ A lkene (14) (X=17.5 ppm  m ax.),+  and D ecom position m ixture 
(X =86 ppm  m ax.)+
+ m ax concentration if com pletely in solution.
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18 17
1 Ri=H, R2= CH2OH
2 Rj=H, R2=CHO
3 R!=H, R2=CH2OAc
5 R!=CH3, R2=C02CH3
6 R^H, R2=C02CH3
7 R!=CH3, R2=CH2OH
8 R!=CH3, R2=CHO
9 R!=H, R2=C02H
10 R!=CH3, r 2=c o 2h
11 R!=CH3, R2=CH2OAc
12 7,8 dihydro-7<x,8a epoxy, R1=CH3, R2=CH2OAc
13 7,8 dihydro-7a,8a epoxy, R^H, R2=CH2OH
14 R1=H, R2=H
15 R!=CH3, r 2=h
16 R=H
17 R=CH3
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Figure 2.25c. The molecular structure of methyl- 17-oxygrindelate (7).
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Figure 2.26. *H NMR spectrum of 17-oxygrindelic acid (1) in CDCI3 .
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Figure 2.27. *H NMR spectrum of 17-oxogrindelic acid (2) in CDCI3 .
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Figure 2.28. ^H -^C  correlation spectrum of 17-acetoxygrindelic acid (3) in CDCI3 .
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Figure 2.29. *H NMR spectrum of chrysomolide (4) in CDCI3 .
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Figure 2.30. DEPT 90,135 and BB ^3C NMR spectra of diterpene lactone (4) in CDCI3 .
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Figure 2.31. NMR spectrum of methyl-17-carboxymethylgrindelate (5) in CDCI3 .
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Figure 2.32. NMR spectrum of 17-carboxymethylgrindelic acid (6 ) in CDCI3 . 112
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Figure 2.33. NMR spectrum of methyl-17-oxygrindelate (7) in CDCI3 .
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Figure 2.34. NMR spectrum of methyl- 17-oxogrindeIate (8 ) in CDCI3 . 114
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Figure 2.35. *H NMR spectrum of methyl-17-carboxygrindelate (10) in CDCI3 .
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Figure 2.36. NMR spectrum of methyl-17-acetoxygrindelate (11) in CDCI3 .
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Figure 2.37. *H NMR spectrum of methyl-17-acetoxy-7a,8a-epoxygrindelate (12) in CDCI3 . 117
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Figure 2.38. NMR spectrum of 7a,8a-epoxy-17-oxygrindelic acid (13) in CDCI3 .
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Figure 2.39. NMR spectrum of 17-norgrindelic acid (14) in CDCI3 .
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Figure 2.40. NMR spectrum of methyl-17-norgrindelate (15) in CDCI3 .
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Figure 2.41. NMR spectrum of 7,8-dihydro-8-oxo-17-norgrindelic acid (16) in CDCI3 .
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Figure 2.42. *H NMR spectrum of methyl-7,8-dihydro-8-oxo-17-norgrindelate (16) in CDCI3 ,
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Figure 2.43. DEPT 90, 135 and BB 13C spectra of 17-carboxygrindelic acid (9) in CDCI3 .
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Figure 2.44. DEPT 90,135 and BB NMR spectra of 7a,8a-epoxy- 17-oxygrindelic acid (13) in CDCI3 .
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Figure 2.45. Broad Band l^C NMR spectrum of 7,8-dihydro-8-oxo-17-norgrindelic acid (16) in CDCI3 .
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PART C
Polyacetylenes from Solidago Species: 
Effects on Florida Sandhill Species.
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POLYACETYLENES FROM  SOLIDAGO PA UCIFLOSCULOSA: 
EFFECTS ON FLORIDA SANDHILL SPECIES
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Asteraceae; polyacetylenes; allelopathy.
A b strac t - The investigation of the roots of three Solidago  species, S . 
pauciflosculosa, S. canadensis, and S. sempervirens resulted in the isolation of the 
known poly acetylenes cis,cis- and cis,trans-matricaria esters, seven C-10 
polyacetylenes related to the matricaria esters, two of which are new, a 
triterpene (epifriedelinol), and two clerodane diterpenes. The structures of the 
new compounds were elucidated by spectroscopic methods and comparison with 
spectral data of related compounds. The 13C NMR spectrum of the cis-matricaria 
lactone was unambiguously assigned using the INAPT method. The molecular 
structure of cis-dehydromatricaria ester was determined by single crystal X-ray 
diffraction. Cis,cis- and cis-trans-m atricaria esters as well as cis- 
dehydromatricaria ester, epifridelinol and the diterpenes from S. canadensis and S. 
sempervirens were tested for their effects on the germination and radicle growth 
of Schizachyrium scoparium, Rudbeckia hirta, Leptochloa dubia and lettuce, 
Lactuca sativa.
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The cis,cis- and cis,trans-m atricaria esters were the most active 
compounds tested, almost completely inhibiting germination at 106 and 92 ppm, 
respectively. The two diterpenes and the triterpene tested showed no activity, 
most probably due to their low water solubility.
tAuthor to whom correspondence should be addressed.
INTRODUCTION
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In Florida and the southeastern Coastal Plain two different types of 
vegetational communities are found, the sandhill and the scrub communities, 
which are separated by a zone of very little or no vegetation [1]. We are 
currently investigating the hypothesis [1 ] that allelochemicals are produced and 
released by members of the fire-sensitive scrub to deter the invasion of sandhill 
grasses which provide the fuel for surface fires. In a continued effort to search for 
allelochemicals from scrub species [2 ] which inhibit the germination and growth 
of native grasses of the Florida sandhill community, we have investigated the 
roots of Solidago pauciflosculosa (Asteraceae), a common shrub of the Florida 
scrub. Previous investigation of the aerial parts of S. pauciflosculosa provided 
several sesquiterpenes [3] which showed minor effects on the germination and 
radicle growth of sandhill species. In contrast, two diterpene acids exhibited 
significant effects on the germination and root growth of two sandhill grasses, 
Schizachyrium scoparium and Leptochloa dubia as well as Rudbedia hirta [4]..
Chemical investigation of the roots of S. pauciflosculosa gave copius 
amounts of cis,cis- and cis,trans-matricaria esters which had been previously 
shown to exhibit allelopathic properties [5]. In addition, large amounts of the 
known triterpene epifriedelinol and a mixture of two minor epoxides, derivatives 
of matricicaria ester [6 ], were isolated.
Bioassays of the cis,cis- and cis,trans-matricaria esters showed that at 
concentrations of 25 to 100 ppm, they almost completely inhibited germination of 
the previously mentioned two sandhill grasses.
Their high activity prompted a study of the polyacetylenes of two local 
Solidago  species. Chemical investigation of roots of S. canadensis provided,
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besides large amounts of diterpene acids [4], five polyacetylenes (5 - 9), which 
are closely related to the previously reported matricaria esters [8 ]. Solidago  
sempervirens roots gave only large amounts of the known diterpene kolavenic 
acid (1 1 ) and harwickiic acid (1 2 ).
RESULTS AND DISCUSSION
Chemical data.
The dichloromethane extract of roots of S. pauciflosculosa gave, after 
purification by vacuum liquid chromatography (VLC) [9] followed by prep. TLC 
cis,cis-matricaria ester (1) (cis,cis-ME), cis,trans-matricaria ester (2) (cis,trans- 
ME), the triterpene epifriedelinol (10) and a mixture of the two minor matricaria 
epoxides 3 and 4 which had been previously isolated from the roots of Erigeron 
philadelphicus [6 ]. The cis,cis-ME was first isolated in 1941 from Matricaria 
inodora [10] and reinvestigation of this species gave the cis,trans-ME (2). The 
isomer 1  is one of the most widely distributed acetylenic compounds in the 
Asteraceae, the roots of Solidago virgaurea being one of the richest sources of 
compound 1 (0.8%) [8 ]. Both matricaria esters were also isolated from various 
Erigeron species [5] and were shown to exhibit allelopathic properties.
The roots of S. pauciflosculosa were found to be very rich in cis,cis-ME 
(1), (~ 0.3g) — which was the second major constituent isolated. The NMR 
data of both 1  and 2  were in very close agreement with those previously reported 
[8 ]. The possible allelopathic role of the two matricaria esters is described in the 
bioassay data part of this section.
The roots of S. canadensis afforded after chromatographic separation, 
crystalline cis-dehydromatricaria ester (5) (cis-DME), as well as, compounds 6
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to 9. Cis-DME was the first polyacetylene to be isolated from a Japanese 
essential oil in 1826 [11] and is common in many species of the Asteraceae. It 
was also isolated from roots of S. altissima [5] and was found in the surrounding 
soil at concentrations inhibitory to test species, suggesting that cis-DME 
possesses allelopathic activity. The ]H NMR as well as the 13C NMR data 
were in agreement with those reported in the literature [5,12]. The molecular 
structure of cis-DME was determined by single crystal X-ray diffraction which 
will be described in a later section.
cis-Dehydromatricaria lactone (6 ), is a known compound which was 
previously found in Anthenais species [13]. Its NMR spectrum indicated the 
presence of three olefinic protons, a broad singlet at 8  5.31 (H-5) and two 
doublets at 8  6.28 (H-2, J  = 5.4 Hz) H-10, and 8  7.37 (H-3, J  = 5.5 Hz) as well 
as a three-proton doublet at 8  2.05 (H-10, J  -  1.1 Hz). The stereochemistry of 
the 4,5-double bond was assigned based on NOE difference experiment of 
protons 5 and 3. Irradiation of H-5 gave an NOE of proton 3 showing that H-5 
and H-3 are on the same side. A clear NOE of the H-5 and H-2 signals was 
observed upon irradiation of H-3, thus confirming the previously assigned 
stereochemistry of the 4,5-double bond [12]. The 13C NMR spectrum of 6  
showed the presence of 10 carbons, one of which was at 8  168.24, indicating the 
presence of a lactone or ester. The 13C NMR spectrum of this polyacetylene was 
unambigeously assigned using the INAPT (Insensitive Nuclei Enhancement by 
Polarization Transfer) experiment [13,14]. Polarization of the methyl absorption 
at 8  2.05 (H-10), using a coupling parameter of 10 Hz, transferred to three 
quaternary carbons: a strong signal at 8  85.8 (C-9) and two weaker ones at 8
86.5 and 8  64.5 which most probably belong to C- 8  and C-7. Irradiation of the 
same signal (H-10) using a 4 Hz coupling (3Jc,h) [15] also gave two signals at 8
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86.5 and 64.5 ppm. This could not distinguish between C- 8  and C-7 since the 
coupling 3Jc,h = 4 H z and 4 Jc,H = 3 Hz are too similar [15]. Polarization of the 
methyl signal (H-10) using a C,H coupling value of 3 Hz (4 Jc ,h ) transferred 
polarization to two quaternary carbon absorptions at 8  86.5 and 8  67.9. This 
allowed unambigeous assignment of C-7 at 8  86.5 since it gave a strong signal 
when the 4 Jc ,h  value was applied. The other carbon signal at 8  64.5 could now 
be assigned to C- 8  based on the INAPT experiment with a 3 Jc ,h  = 4 Hz. The 
COLOC experiment [16] clearly showed that the methyl proton (H-10) is 
coupled to all four acetylenic carbons (C-9 to C-6 ). The appearance of the signal 
at 8  86.5 after irradiation of H-5 using a coupling of 6  Hz confirmed the 
assignment of C-7. Polarization of H-3, using a coupling of 5 Hz, transferred to 
C-l at 8  168.2. Finally the INAPT spectrum of H-2 showed a strong signal at 8  
158.9 (C-4) and a weak one at 8  168.2 (C-l).
Methyl-10-[(Z)-2-methyl-2-buteoyloxy]-(2Z,8Z)-2,8-decadiene-4,6- 
diyonate (7) is a known polyacetylene previously isolated from the roots of S. 
a ltiss im a  [17]. Its 2H NMR data were identical with those reported by 
Bohlmann [18]. The other two isomeric polyacetylenes, methyl-10-[(Z)-2- 
methyl-2-buteoyloxy]-(2E,8Z),-2,8-decadiene-4,6-diynoate (8 ) and methyl-10- 
[(E)-2-methyl-2-buteoyloxy]-(2Z,8Z)-2,8-decadiene-4,6-diynoate (9) exhibited 
*H NMR signals very similar to those of 7. The only difference between the *H 
NRM spectra of 7 and 8  was the chemical shift of the two olefinic protons H-2 
and H-3. In 7 they have a cis relationship and appear as a singlet at 8  6.25 while 
in 8  two one-proton doublets at 8  6.35 (J  = 15.8 Hz) and 8  6.83 (J  = 15.8 Hz) 
indicate their trans-orientation. The *H NMR spectrum of 9 showed the presence 
of two double bonds (C-2/C-3 and C-7/C-8) similar to those in compound 7. 
Protons 2 and 3 absorb as a singlet at 8  6.24 while H- 8  shows at 8  5.78 (dt, J  =
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11.2, 1.8 Hz) and H-9 appears as a quartet at 8  6.24 (J  =11.2, 6.3, 5.6 Hz). In 9 
the ester substituent on C-10 was shown by diagnostic *H NMR signals to be a 
tiglate and angelate moieties were present in compounds 7 and 8 . This was 
deduced from the chemical shift of H-13 which shifted downfield to 8  6.90 
compared to 8  6.09 in 7 and 8 , indicating that it is on the same side as the 
carbonyl of the ester (C-l 1). The two methyl groups H-14 and H-15 absorb at 8  
1.80 (dq, J  = 7.4, 2.4, 1.2) and 8  1.84 (q, J  = 2.4, 1.2), respectively. The mass 
spectra indicated the presence of the molecular ion, m/z = 272 and two prominent 
peaks at m/z 83 = [CH3 CH=CCH3 C=0 ]+ and 55 = [83 - CO]+ belonging to the 
tiglate moiety.
S. canadensis provided the clerodane diterpene, kolavenic acid (11) 
previously isolated from the roots of S. altissima [19] and the roots of S. 
sempervirens gave the known diterpene, hardwickiic acid (12), found also in S. 
serotina [2 0 ].
X-ray data o f cis-dehydromatricaria ester (5).
The molecule lies on a crystallographic mirror plane, and thus is rigorously 
planar except for methyl hydrogen atoms. The polyacetylene chain is essentially 
linear, with none of the relevant angles deviating from 180° by more than 4°. The 
C-C bond distances in this chain are in very close agreement with those 
determined for the natural polyacetylene, cunaniol acetate [21]. The double bond 
has the Z configuration with C=C distance 1.329(3)A, and bond angles 123.7(2)° 
1.329(3)A, and (C1-C2 -C3 ) and 126.8(2)° (C2 -C3 -C4 ).
135
Bioassay data.
The two matricaria esters 1 and 2, isolated from S. pauciflosculosa, were 
tested for their effects on the germination and root growth of little bluestem 
(Schizachyrium scoparium), sprangletop (Leptochloa dubia), lettuce (Lactuca 
sativa) and radish (Raphanus soliocus). Saturated solution (106 ppm) of cis.cis- 
matricaria ester (1) completely inhibited germination of lettuce, bluestem and 
sprangletop, and had no significant effects on radishes. Significant inhibition in 
germination was observed also at 53 ppm, completely inhibiting germination of 
lettuce, 98% of sprangletop and 95% of bluestem. At 26.5 ppm the effect was still 
significant, inhibiting germination of lettuce by 81%, sprangletop by 85% and 60% 
of bluestem. The cis,trans-matricaria ester (2) was less active. A saturated 
solution of 2 (92 ppm) completely inhibited germination of sprangletop and 
reduced germination of bluestem by 90%. There was no significant effects on the 
germination of lettuce and radish.
This high activity of the two matricaria esters, especially the cis,cis- 
matricaria ester (1), and the high concentration of this compound in the roots of S. 
pauciflosculosa suggest that 1 plays a major role in the allelopathic action of this 
scrub species. These two root constituents in combination with the previously 
isolated diterpenes from S. pauciflosculosa [4] seem to be the major contributors 
to the allelopathic properties of this shrub.
cis-DME (5) showed also activity against the four test species but it was 
not as active as the two matricaria esters. Saturated aqueous solutions of 
epifriedelinol (10) and the two diterpene acids 11 and 12 isolated from S. 
canadensis and S. sempervirens, respectively, showed no significant effects on 
the germination and root growth of the above test species, most probably due to 
their low water solubility.
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EXPERIMENTAL
Plant material. Roots of S. pauciflosculosa were collected in May 1990 
from Bellefontaine Beach, Mississippi by Dr. G. Bruce Williamson; voucher 
deposited at the Louisiana State University Herbarium, Voucher No. 77312. 
Roots of S. canadensis and S. sempervirens were collected on 26 June, 1990 in 
East Baton Rouge Parish, Louisiana, U.S.A. (Voucher No. Fischer-Menelaou 
416 and 417, respectively; voucher deposited at Louisiana State University, 
U.S.A.).
Extraction and isolation. Fresh roots of S. pauciflosculosa (946 g) were 
cut into small pieces and soaked twice with 3.5 L of CH2 CI2  for 24 hr at room 
temp giving 5.6 g of combined crude CH2 CI2  extract. Crystals (0.3 g) precipitated 
from the solution, which were analysed by single crystal X-ray analysis showing 
that it was the known triterpene epifriedelinol (10) [22]. After filtration, the 
extract was chromatographed over silica gel (SILICAR TLC-7GF) using VLC, 
eluting with hexane:CH2 Cl2 :EtOAc mixtures of increasing polarity yielding 8 x 25 
ml fractions of which the fourth fraction (283 mg) was chromatographed on prep. 
TLC yielding 171 mg of cis,cis-matricaria ester (1), 23 mg of cis,trans-matricaria 
ester (2) and a mixture (3 mg) of the two matricaria epoxides 3 and 4.
Fresh roots of S. canadensis (833 g) were soaked in 3.5 L of CH2 CI2  for 
20 hr yielding 10.5 g of crude CH2 CI2  extract. VLC separation of this extract 
yielded 9 x 200 ml fractions, of which fraction four contained crystals. 
Recrystallization from hexane yielded 52 mg of cis-DME (5). Fractions 5 and 6 
(530 mg) were mainly composed of compound 11. VLC separation of fraction 5,
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followed by dry column and prep. TLC separation yielded compounds 7 , 8 , and 9. 
Roots of S. canadensis were recollected in July, and chromatographic separation of 
the CH2 CI2  extract provided, besides the previously isolated compounds, 2 2  mg of 
cis-matricaria lactone (6 ).
Fresh roots of S. sempervirens (293 g) were soaked in 1.2 L of CH2 CI2  for 
24 hr at room temp yielding 2.66 g of crude CH2 CI2  extract. VLC followed by dry 
column chromatography gave 69 mg of compound 12.
X-ray data o f cis-DME (3). A colorless capillary-mounted crystal of 
dimensions 0.25 x 0.28 x 0.40 mm was used for data collection on an Enraf-Nonius 
CAD4 diffractometer equipped with CuKa radiation (A, = 1.54184 A) and a graphite 
monochromator. Crystal data are: C 11H8 O2 , Mr = 172.2, monoclinic space group 
P2i/m, a = 12.774(2), b = 6.5730(5), c = 5.5918(3) A, p = 96.448(7)° V = 466.5(1) 
A3, Z = 2, dc = 1.225 g/cm3, T = 24° C. Intensity data were measured by co-20 scans 
of variable rate designed to yield I = 25o(I) for all significant reflections. A 
hemisphere was collected within the limits 2° < 0 < 75°. Data reduction included 
corrections for background, Lorentz, polarization and absorption. Absorption 
corrections (p. = 6.5 cm-1) were based on psi scans, with minimum relative 
transmission coefficient 86.84%. The two equivalent quadrants were averaged. Of 
1000 unique data, 807 had I > 3o (I) and were used in the refinement.
The structure was solved by direct methods and refined by full matrix least 
squares, treating nonhydrogen atoms anisotropically, using the Enraf-Nonius SDP 
[23]. Hydrogen atoms were located in difference maps and refined isotropically. 
Convergence was achieved with R = 0.038 and Rw = 0.054. Its X-ray structure is 
illustrated in Fig. 2.45a, and its coordinates are tabulated in Table 2.
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cis-Dehydromatricaria lactone (6). C 1 0H6 O2 , yellow-brown crystals; mp 
EIMS m/z (rel. int.): 158 [M]+ (12), 102 (37), 82 (30), 76 [CH3( O C ) 2CH]+ 
(100), 61 [71-Me]+ (5), 54 (30), 50 (79). *H NMR data in Table 1.
Methyl-10-[(Z)-2-methyl-2-buteoyloxy]-(2Z,8Z)-2,%-decadiene-4,6- 
diyonate (7). C 1 6H 1 6 O4 , yellow oil; EIMS m/z (rel. int.): 272 [M]+ (0.5), 257 
[M -M e]+ (0.9), 189 [M-C5 H 7 0]+  (1.1), 102 (12), 83 [CH3 CH=CCH 3 C = 0 ]+ 
(100), 75 (12), 55 [83-CO]+ (89), 43 (5); 'H  NMR in Table 1.
Methyl-l0-[(Z)-2-methyl-2-buteoyloxy]-(2E,&Z)-2,%-decadiene-4,6- 
diyonate (8 ). C i6 H i604, yellow oil; EIMS m/z (rel. int.): 272 [M]+ (3), 257 [M- 
Me]+ (3), 189 [M-C5 H7 0 ] + (1), 102 (5), 83 [CH3 CH=CCCH3 C=0]+ (100), 75 
(13), 55 [83-CO]+ (8 8 ), 43 (1), 39 (13); 'H  NMR in Table 1.
Methyl-\0-[(EL)-2-methyl-2-buteoyloxy]-(27j,%Z)-2,%-decadiene-A,6- 
diyonate (9). C 1 6 H 1 6 O4 , yellow oil; EIMS m/z (rel. int.): 272 [M]+ (0.5), 257 
[M -M e]+ (0.03), 189 [M-C5 H 7 0 ] + (0.7), 102 (13), 83 [CH3 CH=CCH 3 C=0]+ 
(98), 75 (11), 69 (8 ), 55 [83-CO]+ (100), 43 (10); lR  NMR in Table 1.
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CHAPTER II, PART C
Table 1. *H NMR spectral data of compounds 6 * to 9 (200 MHz, CDCI3 , 
CDCI3 as int. standard)
H 6 7 8 9
2 6.28 d 6.24 s 6.35 d 6.24 s
3 7.37 d 6.24 s 6.83 d 6.24 s
5 5.31 bs
8 5.78 bdt 5.78 bd 5.78 dt
9 6.25 m 6.26 m 6.24 q
1 0 2.05 d 4.91 dd 4.92 dd 4.91 dd
13 6.09 bq 6 . 1 1  m 6.90 m
14 1.98 bq 2 . 0 0  bdd 1.80 dq
15 1 . 8 8  dt 1.90 bdd 1.84 q
OCH3 3.78 s 3.78 s 3.78 s
*Data obtained at 400 MHz.
Coupling constants in Hz or line separations: compound 6 : 2 = 5.4, 3 = 5.5, 10 =
1.1, compound 7: 8  = 11.3, 1.8, 9 = 11.1, 6.5, 10 = 6.7, 1.8, 13 = 7.3, 14 = 7.3, 3.1,
1.8,15 = 1.8; compound 8 : 2 = 15.8, 3 = 15.8, 8  = 11.0,10 = 6.5,1.5,13 = 1.2,14 =
7.2, 1.4, 15 = 1.5; compound 9: 8  = 11.2, 1.8, 9 = 11.1, 6.3, 5.6, 10 = 6.1, 1.8, 13 =
7.2, 3.1, 1.2,14 = 7.4, 2.4, 1.2,15 = 2.4,1.2.
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CHAPTER II, PART C
Table 2. Positional parameters of compound 5 and their estimated standard 
deviations.
Atom X v z Bpn(A2)
0 1 0.54166(9) 1/4 0.0324(2) 6.08(3)
0 2 0.39399(9) 1/4 0.2115(2) 5.29(3)
C l 0.4985(1) 1/4 0.2116(3) 4.37(4)
C2 0.5512(1) 1/4 0.4592(3) 5.06(4)
C3 0.6552(2) 1/4 0.5135(3) 5.34(5)
C4 0.7315(1) 1/4 0.3503(3) 4.97(4)
C5 0.8001(1) 1/4 0.2197(4) 5.13(4)
C6 0.8730(1) 1/4 0.0584(3) 5.19(4)
C7 0.9360(1) 1/4 -0.0878(3) 5.08(4)
C8 1.0068(1) 1/4 -0.2518(3) 5.16(4)
C9 1.0685(1) 1/4 -0.3982(4) 5.17(4)
CIO 1.1419(2) 1/4 -0.5768(4) 5.98(5)
C ll 0.3338(1) 1/4 -0.0230(4) 6.09(5)
The equivalent isotropic thermal parameter, for atoms refined anisotropically, is 
defined by the equation:
Beq = [a2Bi i + b2 B2 2  + c2 B3 3  + acBncosP]
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Figure 2.45 a. The molecular structure of cis-dehydromatricaria ester (5).
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Figure 2.46. NMR spectrum of cis.cis-matricaria ester (1) in CDCI3 .
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Figure 2.47. *H NMR spectrum of cis.trans-matricaria ester (2) in CDCI3 .
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Figure 2.48.1H NMR spectrum of cis-dehydromatricaria ester (5) in CDCI3 .
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Figure 2.49. NMR spectrum of cis-dehydromatricaria lactone (6 ) in CDCI3 .
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Figure 2.56. *H NMR spectrum of kolavenic acid (11) in CDCI3 .
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CHAPTER i n
Chemical Constituents of C a la m in th a  a s h e i: 
Effects on Florida Sandhill Species.
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CHEM ICAL CONSTITUENTS OF CALAM INTHA ASHEI: 
EFFECTS ON FLORIDA SANDHILL SPECIES.
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A bstract — Fresh aerial parts of Calamintha ashei provided besides the known 
monoterpenes, (+)-epievodone, (-)-calaminthone and (-t-)-desacetylcalaminthone, 
six new menthofurans, two new germacrane sesquiterpenes, the two previously 
isolated flavonoids 5,4'-dihydroxy-6,7,8,3'-tetramethoxyflavone and 5-hydroxy- 
6,7,8,3',4'-pentamethoxyflavone and the two known flavonoids, 5-hydroxy- 
6,7,8,4'-tetramethoxyflavone and 5,4'-dihydroxy-6,7-dimethoxyflavone. The 
structures of the new compounds were elucidated by spectroscopic methods and 
comparison of their NMR spectra with those of structurally related 
compounds. The molecular structures of (+)-epievodone and 5-hydroxy- 
6,7,8,3',4'-pentamethoxyflavone were determined by single crystal X-ray 
diffraction. Saturated aqueous solutions of menthofuran, (+)-epievodone, (-)- 
calaminthone, (+)-desacetylcalaminthone, 4a,5(3-diacetoxymethofuran, as well 
as mixtures of (+)-epievodone and (+)-desacetylacalaminthone inhibited the 
germination and root growth of Schizachyrium scoparium and Leptochloa dubia,
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two native Florida sandhill grasses, as well as Lactuca sativa , (+)-epievodone 
and (+)-desacetylcalaminthone being most active. 5,4'-Dihydroxy-6,7,8,3'- 
tetram ethoxyflavone and 5-hydroxy-6,7,8,3',5 '-pentam ethoxyflavone, and 
mixtures of the two flavonoids in aqueous as well as tin saturated aqueous 
solutions of ursolic acid were tested on the same species, but showed no 
significant activity.
*Present address: Department of Chemistry, Ashland University, Ashland, OH 
44805 (USA).
ttA uthor to whom correspondence should be addressed.
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INTR O D UCTIO N
The well drained sandy soils of Florida and the southeastern coastal 
plane support two distinct types of vegetation, the scrub and the sandhill 
community, separated by an ecotone of very little or no vegetation [1]. The 
scrub community is dominated by sand pine and evergreen shrubs with little or no 
herbaceous ground cover. In contrast, the sandhill is an open area with scattered 
sand pines and a dense herbaceous cover.
We are currently investigating the hypothesis [1] that the shrubs of the 
scrub community release allelochemicals that deter the invasion of sandhill 
grasses which provide the fuel for surface fires.
Calamintha ashei is a common endemic shrub of the Florida scrub known 
for its allelopathic properties on sandhill grasses [2]. In the course of our search 
for allelochemicals from members of the Florida scrub community [3] we have 
previously isolated menthofuran-type monoterpenes [4,5] exhibiting inhibitory 
effects on little bluestem (Schizachyrium scoparium), a native grass of the 
sandhill community [4]. In addition, large amounts of flavonoids were found [6 ].
In continuation of our investigation of the chemical constituents of C. 
ashei, we report here the isolation and structure elucidation of six new 
menthofurans, which are structurally closely related to the previously reported 
before [4,5], as well as, two known flavonoids not previously isolated from C. 
ashei. Allelopathic effects of menthofuran (4),(+)-epievodone ( ! ) ,( - ) -  
calaminthone (2), (+)-desacetylcalaminthone (3), decomposition mixture of the 
diacetate (5) as well as the two flavonoids (13) and (14) were studied. The
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molecular structure determinations by X-ray diffraction analysis of (+)- 
epievodone (1) and the flavonoid (14) are also presented.
RESULTS AND DISCUSSION
Chemical data.
Aerial parts of C. ashei were soaked in water at room temperature 
followed by extraction with hexane and dichloromethane (CH2 CI2 ). The water 
extract was re-extracted with CH2 CI2  in order to isolate the water-soluble 
organic constituents. It had previously shown that the water extract contained 
m onoterpenes, m ainly (-)-calam inthone (2 ), (+)-epivocone (1 ) and 
desacetylcalaminthone (3) [4,5]. Besides these three monoterpenes six new 
ones were isolated from the water and dichloromethane extracts of C. ashei along 
with two new germacrane-type sesquiterpenes and flavonoids 13 and 14, as well 
as two known ones not previously reported from C. ashei.
The six new monoterpenes, 5 to 10, were highly unstable compounds 
which decomposed within a few days. This high instability is most likely due to 
the loss of the acetate or hydroxy moieties in the cyclohexyl ring forming the 
stable aromatic ring.
4a,5P-Diacetoxymenthofuran (5), C 1 4H 1 8 O5 , was a colorless oil which 
crystallized upon drying in vacuo. Attempted recrystallization overnight led to 
decomposition of 5. A strong IR absorption at 1746 cm’ 1 indicated the presence 
of a carbonyl group (Ac). Comparison of its *H NMR spectrum with that of (-)- 
calaminthone (2) [4] showed that 5 was very similar to (2) with two additional 
signals belonging to a second acetate moiety. The two three-proton singlets at 8  
2.05 and 8  2.07 as well as a one-proton doublet of a doublet of a doublet at 8  6.08
(,J  = 2.1, 1.7, 1.4 Hz) and a doublet of a doublet at 5 5.39 (J = 4.1, 1.9 Hz) 
suggested the presence of two acetate moieties. This was confirmed by the 13C 
NMR spectrum of 5 which showed the presence of fourteen carbons, which 
included two acetates as indicated by the carbonyl ester signals at 6  170.87 and 
8  170.51. The mass spectral data, gave the molecular ion peak at m/z 266 and a 
diagnostic base peak at m/z 146, which is due to the loss of . two acetic acid 
molecules forming the aromatic ring [5], also supporting the presence of two 
acetate units. The stereochemistry of the two acetate moieties was based on a 
comparison with (-)-calaminthone (2) using the *H NMR coupling constants of 
H-4, H-5, H-7a, H-7P, and H-6 . The acetate moiety at C-5 must be P-oriented as 
in (-)-calaminthone (2 ) on the basis of biosynthetic co-generation within the 
same plant. Since on the same arguments, the methyl signal H -ll  is P-oriented 
and the same coupling Js,e = 4.1 Hz is found in calaminthone as well as in 5, H-5 
in 5 has to have an oc-orientation. Proton 7P appeared as a doublet of a doublet of 
a doublet at 8  2.52 (J = 16.3, 9.0, 1.8 Hz), the 16.3 Hz coupling being due to 
geminal coupling with H-7a. The 9.0 Hz coupling of H-7P with H-6 a  suggests an 
antiperiplanar orientation and the small coupling of 1.8 Hz represents the 
homoallylic coupling with H-4. Stereo models showed that only a P-oriented H-4 
would give rise to three small couplings of 2.1 Hz (H-4/H-5), 1.7 Hz (H-4/H-7P) 
and 1.4 Hz (H-4/H-7a).
5P-acetoxymenthofuran (6 ), C 1 2H 1 6O3 , was a colorless oil exhibiting !H 
NMR signals similar with those of 5. The TH NMR spectrum suggested the 
presence of an acetate moiety showing a multiplet at 8  5.20 (ddd, J  = 4.3, 4.2, 4.2 
Hz; H-5) and a three-proton singlet at 8  2.04 due to the acetate methyl. The 
position and stereochemistry of the acetate was based on its chemical shift in 
comparison with the two acetate signals of compound 5. Since in compound 5, H-
163
4 and H-5 appeared at 8  6.08 and 8  5.39, respectively, the acetate in 6  had to be 
at carbon 5. Based on its chemical shift at 8  5.20 and not further downfield near 
g 6  indicated that it had to be in the non-allylic C-4 position. Its stereochemistry 
was again derived on the basis of the same arguments presented for compound 5. 
The mass spectral data of 6  confirmed its structure by the presence of the 
molecular ion at m/z 208 and a peak at m/z 148 due the loss of acetic acid. 
Finally, the 13C NMR spectrum showed the presence of only one carbonyl signal 
at 8  171.03 due to the acetate and the absence of a ketone carbonyl typical for the 
(-)-calaminthone skeleton.
4a-A cetoxym enthofuran (7), was also present in the water extract as 
well as in the CH2 CI2  extracts of C. ashei. Its JH NMR spectrum indicated the 
presence of an allylic acetate signal at 8  5.95 (dddd, J  = 8 .6 , 7.3, 1.8, 1.8 Hz). 
Based on its downfield chemical shift, when compared to the H-5 of 6 , this signal 
was assigned to H-4. The stereochemistry of the acetate must be the same as 
that of the C-4 acetate of compound 5, thus alpha oriented.
4a,5(J-D ihydroxym enthofuran (8 ), is most likely the precursor to 
compounds 5, 9, and 10. Its *H NMR spectrum indicated the presence of two 
hydroxyl groups with a broad singlet at 8  4.75 and a multiplet at 8  3.89 belonging 
to H-4 and H-5, respectively. The stereochemistry of the two hydroxyl groups 
must be the same as of the two acetates in compound 5, that is the hydroxyl 
group at C-4 must be a-oriented while the hydroxyl at C-5 has to have the beta 
orientation. Obviously, compound 5 is the diacetate of compound 8 . 
Furthermore, the mass spectrum gave a molecular ion at m/z 182 in the mass 
spectrum and the appearance of a diagnostic peak at m/z 146 [M-2 H2 0 ] + 
confirmed the assigned structure of compound 8 .
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The structures of the isomeric compounds 9 and 10 were assigned based 
on their *H NMR spectra comparisons with the above monoterpenes 5-8. 5(3- 
A cetoxy-4a-hydroxym ethofuran (9) showed in its *H NMR spectrum the 
presence of one acetate moiety with a three-proton singlet at 5 2.13 and a 
multiplet at 8  5.30 (dd, J  = 4.2, 1.8 Hz) and a hydroxyl group at 8  4.91 (bm). The 
chemical shift of H-5 at 8  5.30 was very close to that of compounds 5 and 6 , thus 
positioning the acetate on C-5 and the hydroxyl group on C-4. 4a-Acetoxy-5(3- 
hydroxymenthofuran (10) showed in its *H NMR spectrum that the acetate- 
bearing proton signal was at 8  5.99 and the hydroxyl-bearing proton absorption at 
8  4.10. The downfield chemical shift of the proton H-4, of the acetate at 8  5.99 
positions the acetate on the allylic C-4 position, thus placing the hydroxyl group 
on C-5. The stereochemistry of the acetoxy and hydroxy substituents on carbons 
4 and 5 of compounds 9 and 10 have to be the same as those of compounds 5 and 
8 , i.e., an alpha oriented substituent on C-5. Compounds 8 , 9, and 10 were all 
minor compounds of C. ashei and they all decomposed to unidentified mixtures 
before being able to obtain any other spectroscopic data besides the *H NMR 
spectral data.
The two sesquiterpenes isolated from C. ashei exhibited in their *H NMR 
spectra typical signals of a sesquiterpene with a germacrane skeleton, similar to 
(+)-bicyclogermacrene [7,8].
13-Acetoxybicyclogermacrene (11), a colorless oil, showed in its !H NMR 
spectrum the presence of two vinyl methyl groups at 8  1.47 (d, J  = 1.0 Hz, H-14) 
and 8  1.66 (d, J  = 1.0 Hz, H-15), as well as another methyl at 8  1.17 assigned to 
the methyl group H-12 on the cyclopropane ring. A doublet of a doublet of a 
doublet at 8  0.81 ( /  = 12.5, 9.0, 3.0 Hz) coupled to a multiplet at 8  1.49 
suggested the presence of a cyclopropane ring. The position of the acetate
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moiety and its relative configuration was based on the chemical shift of H-7 in 
compound 12. Due to the deshielding effect of the carbonyl of the aldehyde in 
compound 12, H-7 is deshielded and absorbs at 8  1.42 instead of 8  0.81 as in 
compound 11. This strongly suggests that the aldehyde in 12 as well as the 
acetate moiety in 11 must be on the same side as protons H - 6  and H-7. The 
stereochemistry of the cyclopropane ring was based on the coupling constant of 
H-5 in both compounds which shows as a doublet with a coupling of 12.2 Hz in 11 
and 12 Hz in 12. This coupling must be with H-6 , the only proton next to it, and 
its magnitude suggests that H- 6  must be alpha oriented as in germacrolides with 
a y-lactone on carbons C- 6  and C-7 [9]. The 13C NMR spectrum of 11 showed 
the presence of seventeen carbons, two of which ( 8  171.55 and 8  20.98) 
belonging to the carbon signals of the acetate moiety. Furthermore, the mass 
spectral data supported the assigned structure of 11. Besides the molecular ion 
at m/z 262 a prominent peak at 202, [M-AcOH]+ was observed. Complete 
assignment of all the protons and carbons of compound 1 1  was achieved by the 
use of the DEPT experiments as well as the 2D ^ C ^ H  correlation and 2D 
COSY experiments. These data are summarized in Table 3 and in the 
experimental section.
13-Oxobicyclogermacrene (12), C1 5H2 2 O, a colorless oil, exhibited !H 
NMR signals similar to those of compound 11. The acetate signals at present in 
compound 11 were replaced by a singlet at 8  9.60 indicating the presence of an 
aldehyde group. The ]H NMR spectrum also exhibited two vinyl methyls at 8
1.42 (d, J  = 1.1 Hz) and 8  1.69 (d, J  = 1.2 Hz) assigned to methyls H-14 and H- 
15, respectively. The cyclopropane methyl (H-12) at 8  1.27 had shifted 0.1 ppm 
downfield compared to that in compound 11, most probably due to the deshielding 
effect of the aldehyde on C-13. The presence of the molecular ion m/z 218 as well
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as prominent peaks at 175, [M-Me-CO]+ and 169 [M-Me-CO-42]+ confirmed the 
assigned structure of compound 1 2 .
It was previously reported [6 ] that C. ashei was very rich in flavonoids. The 
two major flavonoids in the organic extracts of C. ashei were 5,4'-dihydroxy- 
6,7,8,3-tetramethoxyflavone (13) and 5-hydroxy-6,7,8,3',4'-pentamethoxyflavone 
(14) [6 ]. Besides the above two flavonoids 13 and 14, two minor flavonoids, 5- 
hydroxy-6,7,8,4 '-tetram ethoxyflavone (IS ) [12] and 5,4'-dihydroxy-6,7- 
dimethoxyflavone (16), [13] were isolated.
The JH NMR spectrum of IS indicated the presence of four methoxy groups 
and a hydrogen-bonded hydroxyl group. The multiplicity and couplings of the 
aromatic signals indicated that ring B has only one methoxyl group on carbon 4'. The 
two two-proton doublets at 8  7.90 (J = 9.0 Hz) and 8  7.04 (J = 9.3 Hz) belong to 
protons H-2',6' and H-3',5', respectively.
Compound 16 exhibited in its *H NMR spectrum two three-proton singlets at 
8  3.93 and 8  3.91 belonging to two methoxy groups as well as a hydrogen-bonded 
hydroxyl group at 8  12.94. The presence of two one-proton singlets at 8  6 . 8 6  (H-3) 
and 8  6.94 (H-8 ) and the two two-proton doublets at 8  7.97 (J = 8.7 Hz) and 8  6.94 
(J  = 8 . 6  Hz) indicated that ring B is monosubstituted with a hydroxyl substituent. 
This was confirmed by its mass spectral fragmentation pattern. A retro-Diels Alder 
fragmentation of compound 16 was suggested by peaks at m/z 196 and 181 
confirming the position of the two methoxy groups in ring A and the hydroxyl group 
in ring B.
The molecular structure of (+)-epievodone (1) was determined by single 
crystal X-ray diffraction. The furan ring is planar, while the cyclohexenone ring is 
nonplanar having a distorted half chair conformation. Its molecular structure is 
illustrated in Fig. 3.0a and positional parameters are summarized in Table 4.
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The molecular structure of flavonoid 14 was determined by single crystal X- 
ray diffraction. Two independent molecules exist in the asymmetric unit of 14, one 
of which is illustrated in Fig. 3.0b and the positional parameters are found in Table 5. 
The only appreciable difference between the two occur in torsion angles about bonds 
joining methoxy groups to ring A, where differences of up to 38° occur. In both, the 
hydroxy group forms an intramolecular hydrogen bond with the carbonyl, having 
0 " ’0  distances 2.577 (3) and 2.586 (3) A.
Bioassay data.
Phytotoxic effects of the Calamintha monoterpenes were species- and dose- 
specific (Tables 6-9). Effects on germination were in general more pronounced and a 
number of the instances where significant reductions in root growth occurred reflect 
the inhibition and/or delay of germination by these compounds.
Of the four species, Rudbeckia was the most sensitive to these monoterpenes, 
and of the compounds testes, (+)-epievodone (1 ) exhibited the strongest inhibitory 
effects (Tables 6  and 7). (+)-Epievodone reduced Rudbeckia germination by more 
than 50% at 0.10 mM, and the reduction was still significant at 0.05 mM. (+)- 
Epievodone also reduced germination of lettuce at all concentrations tested. Less 
activity was shown by (+)-epievodone against the two monocots tested. Germination 
of Leptochloa was reduced at 1.0 and 0.5 mM, and Schizachyrium germination was 
reduced only at 1.0 mM.
(+)-Desacetylcalaminthone (3) reduced Leptochloa germination at 1.0 
mM and Rudbeckia germination down to 0.25 mM (Table 6 ). Due to 
solubilization problems, the maximum concentration of (-)-calaminthone (2 ) 
tested was 0.8 mM. In contrast with (+)-desacetylcalaminthone, (-)-calaminthone 
had no inhibitory effect on Leptochloa germination, and stimulated
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germination at 0.08 mM. (-)-Calaminthone did reduce Rudbeckia germination at 
0.8 and 0.4 mM, but had no effect at 0.2 mM (Table 8 ). The diacetate compound 
(5) had little effect on germination and root growth (Tables 6  and 7).
Menthofuran (4) the parent compound of the Calamintha monoterpenes, 
showed little or no inhibitory effect on either germination or root growth. The 
maximum concentration tested, however, was only 0.13 mM (20 ppm) due to 
difficulties in solubilizing this compound for bioassays. Menthofuran did cause 
striking stimulation (130-204% of control) of L eptoch loa  germination at 
concentrations as low as 13 }iM.
With regard to the potential contribution of these monoterpenes to the 
allelopathic effects of Calam intha, (+)-desacetylcalaminthone (3) and (+)- 
epievodone (1) are probably the most ecologically important compounds. The 
monoterpene content of leaf washes of Calamintha is primarily a 50/50 mixture of 
these two compounds (Weidenhamer and Menelaou, unpublished results). 
Accordingly, a mixture of these two compounds was tested for activity. The 
germination of the two dicots was more greatly reduced and affected at lower 
concentrations than the two monocots (Table 6 ). In certain instances, the two 
compounds appear to work antagonistically (for example, lettuce germination 
was 70% of control for the 0.50 mM [= 0.25 + 0.25] mixture, but 33% of control for 
0.25 mM (+)-epievodone alone), while in others the effects appear to be greater 
than additive (for example, the mixture significantly reduces Schizachyrium  
germination at both 0.5 and 0.25 mM but significant reductions are not observed 
below 0.5 mM for the compounds separately).
Both aqueous and ursolic acid saturated solutions of the two Calamintha 
flavonoids (13) and (14) tested had little effect on germination and root growth of 
the test species (data not shown). Ursolic acid occurs at relatively high
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concentrations in Calamintha foliage and because of its ability to form micelles [3], it 
was thought that ursolic acid might increase the solubilities of slightly soluble 
compounds such as these flavonoids. This, however, was not seen, and the 
solubility of compound (14) was below 10 ppm and of compound (13) was below 
50 ppm in both water and saturated ursolic acid. The joint effect of Calamintha 
flavonoids and monoterpenes has not yet been investigated.
EXPERIM ENTAL
Plant material. Aerial parts of Calamintha ashei were collected in March 1989, 
January 1988 and August 1989 in Polk County, Florida: North side of sunnay scrub, 
on east side of US 27, by Dr. D. R. Richardson.
Extraction and isolation. Fresh leaves (1082 g) collected in March 1989 were 
soaked in 5.0 I of water for 24 hr at room temp. The water extract was then re­
extracted (4x) with 250 ml of CH2 CI2  per 250 ml of H2 O and the combined CH2 CI2  
extracts were evaporated in vacuo to yield 1.9 g of crude H2 O-CH2 CI2  extract. The 
extracted leaves were air-dried for 12 hr, ground and soaked in 2.5 I of hexane for 24 
hrs, yielding 5.7 g of crude hexane extract. After air-drying, the leaves were 
extracted twice with CH2 CI2  (2.3 I each) yielding a total of 14.7 g of crude CH2 CI2  
extracts. Since the CH2 CI2  extracts were very rich in ursolic acid, they were 
dissolved in a small amount of CH2 CI2  and filtered in order to remove most of the 
solid ursolic acid [4]. The first CH2 CI2  extract ( 8  g) yielded 5.8 g of solid-free 
material.
The above CH2 C I2  extract was subjected to vacuum liquid 
chromatography (VLC) [10], eluting with hexane, CH2 CI2  and ethyl acetate 
(EtOAc) mixtures of gradually increasing polarity ielding 10 x 200 mi fractions.
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Fraction 4 (330 mg) was re-chromatographed by VLC yielding 8  x 25 ml fractions 
of which fractions 6  and 7 were combined and subjected to reverse phase 
preparative thin layer chromatography (prep. TLC) with Me0 H:H2 0  (3:1) giving 
53 mg of compound 6  and sesquiterpenes 11 and 12. VLC fraction 6  was re­
chromatographed on VLC with hexane: CH2 Cl2 :EtOAc mixtures of gradually 
increasing polarity giving 8  x 50 ml fractions. Fraction 7 was re-chromatographed 
on VLC giving 6  x 20 ml fraction of which 3 to 5 were mainly (-)-calaminthone (2) 
(118 mg), VLC column fraction 5 (700 mg) was subjected to VLC using hexane, 
CH2 CI2  and EtOAc mixtures of increasing polarity yielding 20 x 25 ml fractions. 
Fractions 18 and 19 (74 mg) were combined and chromatographed on reverse 
phase prep. TLC with MeOH:H2 0  (3:1) giving 33 mg of compound 15.
TLC of the H2 O-CH2 CI2  extract showed that it was rich in monoterpenes. 
VLC of this extract (1.5 g) with hexane, CH2 CI2 , EtOAc mixtures of increasing 
polarity gave 14 x 25 ml fractions. Fraction 3 (90 mg) gave 76 mg of (+)- 
epievodone (1) after reverse phase prep. TLC with MeOH:H2 0  (3:1). Reverse 
phase TLC of fraction 6  gave (-f-)-desacetylcalaminthone (3) (60 mg) and 
compound 6 .
Fraction 8  (97 mg) was chromatographed on reverse phase prep. TLC 
using 3:1 MeOH:H2 0  giving 5 fractions of which the second most polar fraction 
was re-chromatographed on prep. TLC yielding compounds 9 and 10. Fraction 9 
was subjected to VLC using CH2 Cl2 :EtOAc mixtures of increasing polarity 
giving 7 x 50 ml fractions. Fraction 4 was chromatographed on prep. TLC with 
CH2 Cl2 :EtOAc (4:1) giving compound 8 .
Compound 7 was isolated from the CH2 CI2  extract of C. ashei collected in 
January 1988.
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All three collections of C. ashei were very rich in flavonoids. VLC 
fractions 7 and 8  of the August 1989 collection followed by further purification 
with VLC and prep. TLC using 5% EtOAc in CH2 CI2 gave 13 (60 mg), 14 (155 
mg), 15 (75 mg), and 16 (7 mg).
4a,5$-Diacetoxymenthofuran (5). C 1 4 H 1 8 O5 , colorless oil, IR v$ i£ p cm' 1 
1746 (Ac); EIMS m/z (rel. int.): 266 [M]+ (1), 206 [M-AcOH]+ (4), 164 (21), 
146 (6 ), 146 [206-AcOH]+ (100), 124 (59), 119 (25), 105 (10), 95 (19), 91 (28), 
77 (24), 65 (19), 43 (90); lH NMR data in Table 1; 13C NMR data in Table 2.
5$-Acetoxymenthofuran  (6 ). C 1 2 H 1 6 O 3 , colorless oil; EIMS m/z (rel. 
int.): 208 [M]+ (0.3), 148 [M-AcOH]+ (25), 133 [148-Me]+ (26), 119 (17), 105 
(100), 78 (31), 43 (5); NMR data in Table 1; 13C NMR data in Table 2.
4a-Acetoxymenthofuran  (7). C 1 2H 1 6 O3 , colorless oil; *11 NMR data in 
Table 1.
4a,5^-Dihydroxymenthofuran  (8 ). C 1 0 H 1 4O 3 , colorless oil; EIMS m/z 
(rel. int.): 182 [M]+ (9), 164 [M-H2 0 ] + (11), 149 [164-Me]+ (2), 146 [M- 
2H2 0 ) + (2), 124 (100), 108 (11), 95 (5), 91 (5), 77 (6 ), 65 (6 ); !H NMR data in 
Table 1.
5$-Acetoxy-4a-hydroxym enthofuran  (9). C 1 2 H 1 6 O4 , colorless oil; *H 
NMR data in Table 1.
42L-Acetoxy-5b-hydroxymenthofuran (10). C1 2 H 1 6 O4 , colorless oil; ^  
NMR data in Table 1.
\3-Acetoxybicyclogermacrene (11). C 1 7H2 6 O2 , colorless oil; EIMS m/z 
(rel. int.): 262 [M]+ (2), 202 [M-AcOH]+ (15), 187 [202-Me]+ (20), 160 [202- 
42]+ (10), 145 [160-Me]+ (28), 121 (59), 119 (92), 105 (64), 93 (100), 81 (28), 
79 (63), 43 (12), NMR data in Table 3; 13C NMR: 125.21 (C-l), 25.91 (C-2), 
41.06 (C-3), 140.30 (C-4)*, 124.53 (5), 227.56 (C-6 ), 30.29 (C-7), 26.53 (C-8 ),
I l l
37.03 (C-9), 129.28 (C-10)*, 23.05 (C -ll), 24.68 (C-12), 66.24 (C-13), 20.85 (C- 
14), 16.49 (C-15), 171.55 (C=0, Ac), 20.98 (CH3 , Ac). (* assignments 
interchangeable).
\3-Oxobicyclogermacrene (12). C 1 5H2 2 O, colorless oil; EIMS mlz (rel. 
int.): 218 [M]+ (7), 203 [M-Me]+ (15), 175 [203-CO]+ (12), 169 [203-42]+ 
(29), 146 (6 ), 145 (18), 93 (100), 81 (37), 65 (27), 67 (51); *H NMR data in 
Table 3.
X-Ray data o f (+)- epievodone (1). A crystal of dimensions 0.05 x 0.12 x 
0.62 mm was used for data collection on an Enraf-Nonius CAD4 diffractometer 
equipped with CuK a  radiation (A. = 1.54184 A) and a graphite monochromator. 
Crystal data are: C 1 0H 1 2O2 , Mr = 164.2, orthorhombic space group P 2 i2 i2 i, a = 
5.230 (2 ), b = 5.478 (2 ), c = 30.632 (6 ) A, V = 877.5 (8 ) A3, Z = 4, dc = 1.243 
g/cm3, T = 25° C. Intensity data were measured by ©-20 scans of variable rate 
designed to yield I = 50 o (I) for all significant reflections. One octant of data 
was collected within the limits 2° < 9 < 75°. Data reduction included corrections 
for background, Lorentz, polarization, and absorption. Absorption corrections (ji 
= 6.54 cm-1) were based on psi scans, with minimum relative transmission 
coefficient 74.98%. Of 1072 unique data, 865 had I > let (I) and were used in the 
refinement.
The structure was solved by direct methods and refined by full matrix 
least squares, treating nonhydrogen atoms anisotropically, using Enraf-Nonius 
SDP [11]. Hydrogen atoms were located in different maps and included as fixed 
contributions. Convergence was achieved with R = 0.081 and Rw = 0.084. 
Crystallographic coordinates are tabulated in Table 4.
X-Ray structure o f compound 14. A crystal of dimensions 0.15 x 0.20 x 
0.35 mm was used for data collection on an Enraf-Nonius CAD4 diffractometer
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equipped with CuKa radiation. Crystal data are: C2 0 H2 0 O8 , Mr = 388.4, monoclinic 
space group P2i/c, a = 8.4471 (12), b = 15.513 (3), c = 28.042 (4) A, (3 = 
90.376(12)°, V = 3674.5 (18) A3,Z = 8, dc = 1.404 g/cm^, T = 22°C. Intensity data 
were designed to yield I = 25 o  (I). One quadrant of data was collected within the 
limits 2° < 0 < 75°. Data reduction was carried out as for compound 1. Absorption 
corrections (p, = 8.80 cm-1) were applied, with minimum relative transmission 
coefficient 76.48%. Of 7567 unique data, 4298 had I > 3 G (I) and were used in the 
refinement
The structure was solved and refined as for (1). Hydrogen atoms on hydroxy 
groups were refined isotropically, while others were included as fixed contributions. 
Convergence was achieved with R = 0.051 and Rw = 0.058. Crystallographic 
coordinates are tabulated in Table 5.
Bioassay data.
Monoterpene bioassays. Assays were conducted in 80 ml glass jars 
lined with one sheet of Whatman No. 1 filter paper. Lids were lined with foil 
and tightly sealed to prevent loss of the monoterpenes through volatilization. Each 
jar contained twentyfive seeds of one of four test species with 5 ml of test 
solution. The monocot species tested were the native sandhill grasses little 
bluestem, Schizachyrium scoparium (Mich x.) Nash cv. Cinammon, and green 
sprangletop, Leptochloa dubia (H.B.K.) Nees. Dicot species tested were 
blackeyed-susan, Rudbeckia hirta L., also a sandhill species, and lettuce cv. 
Great Lakes 118, Lactuca sativa L. Treatments were replicated six times 
for little bluestem and three times for the other test species. Assays were 
carried out in the dark at room temperature (23-5°C) and halted after three days 
for lettuce and five days for the other species. Dishes were frozen to terminate
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growth prior to measurement of root length and germination. Seeds were 
considered to have germinated if the root protruded at least 1 mm.
Stock solutions (1.0 mM) of (+)-desacetylcalaminthone (3), (+)- 
epievodone (1), a decomposed mixture of the diacetate (5), (-)-calaminthone (2) 
and menthofuran (4) were prepared by sonication for one hour. Dilutions of these 
stock solutions were made to 0.5, 0.25, 0.10 and 0.05 mM for bioassays. An 
equimolar mixture of desacetylcalaminthone (3) and (+)-epievodone (1), the two 
major monoterpenes of C. ashei, was also prepared. In the case of (-)- 
calaminthone (2) and menthofuran (4), not all of the material dissolved and the 
actual concentration was verified by UV absorbance measurements. A very 
small protion of compound 5 did not dissolve but the low UV absorbance of this 
compound did not allow determination of the actual concentration. Distilled water 
controls were run concurrently with double the replication of test solutions.
Flavonoid bioassays. Assays of compounds 13, 14, an equimolar mixture 
of the two and 13 and 14 in a saturated solution of ursolic acid were conducted in 
the same way as of the monoterpene bioassays. Due to the low water solubility 
of the two flavonoids, concentrations were determined by UV absorbance 
measurements. Concentrations of saturated solutions of 13 and 14 were 44 ppm 
and 9 ppm, respectively. The concentrations of 13 and 14 in the saturated 
solution of ursolic acid were 4 ppm and 6  ppm, respectively.
Statistical analysis. Data were analyzed by comparing the treatment 
means to the corresponding control using the least squares means test of the 
general linear models procedure of the Statistical Analysis System (SAS) 
programs. Radicle length data were subjected to the logarithmic transformations 
for analysis. A significant level of P = 0.05 was used.
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CHAPTER III
Table 1. *H NMR spectral data of compounds 5 to 10 (200 MHz, CDCI3 , 
CDCI3 as int. standard).
H 5 6 7 8 9 1 0
2 7.07 bs 7.06 bs . 7.05 bs 7.05 bs 7.06 bs 7.07 bd
4 6.08 ddd 5.95 dddd 4.75 bs 4.91 bm 5.99 m
5 5.39 dd 5.20 ddd 3.89 m 5.30 dd 4.10 m
6 2.23 m 2.07 m 2.18 m
7a 2.62 dd
7(3 2.52 ddd 2.50 m 2.53 m 2.54 m
1 0 1.90 d 1.90 bs 1.92 d 2.07 bs 1.92 d 1.92 d
11 1 . 1 0  d 1.06 d 1 . 1 0  d 1 . 2 0  d 1 . 1 0  d 1.18 d
2 ' 2.05 sa 2.04 s 2.09 s 2.13 s 2.18 s
4' 2.07 sa
*400 MHz.
interchangeable signals.
Coupling constants in Hz or line separations: compound 5: 4 = 2.1, 1.7, 1.4, 5 = 
4.1, 1.9, 7a  = 16.2, 5.9, 7(3 = 16.3, 9.0, 1.8, 10 = 1.04, 11 = 7.03; compound 6 : 5 = 
4.3, 4.2, 4.2, 11 = 6 .8 ; compound 7: 4 = 8 .6 , 7.3, 1.8, 1.8, 10 = 1.0, 11 = 6 .6 ; 
compound 8 : 11 = 6.9; compound 9: 5 = 4.2, 1.8, 10 = 1.1, 11 = 7.1; compound 10: 2 
= 0.8, 10= 1.1, 11 =6.9.
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Table 2. 13C NMR spectral data of compounds 5 and 6  (100 MHz, CDCI3 ,
CDCI3  and int. standard).
13C 5 6
2 138.4 d 137.4 d
3 119.3 s 119.7 s
4 71.5 d 25.5 t
5 67.1 d 72.3 d
6 32.2 d 32.2 d
7 29.6 t 27.7 t
8 151.8 s 149.1 s
9 114.4 d 114.1 s
1 0 8.4 q 8 . 0  q
11 17.1 q 16.4 q
1 ' 170.9 s 171.0 s
2 ' 20.7 q 2 1 . 2  q
3' 170.5 s
4' 30.3 q
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Table 3. *H NMR spectral data of compounds 11 and 12 (400 MHz, CDCI3 , 
CDCI3  as int. standard).
]H 11 12
1 4.83 dd 4.96 bd
2 2.09 m
2 ' 2.03 m
3 2 . 2 1  ddd 2.26 ddd
3' 1.84 ddd 2 . 0 0  ddd
5 4.37 bd 4.96 bd
6 1.49 m
7 0.81 ddd 1.42 ddd
8 1.98 m
8 ' 1.28 m
9 2.43 ddd 2.53 ddd
9' 1.71 ddd 1.75 ddd
1 2 1.17 s 1.27 ddd
13 4.20 d
13' 4.13 d 9.60 s
14 1.47 d 1.42 d
15 1 . 6 6  d 1.69 d
CH3 (Ac) 2.06 s
Coupling constants in Hz or line separations: Compound 11: 1 = 11.0,
5.5, 3 = 11.9, 3.3, 3.3, 3' = 12.1, 12.1, 4.3, 5 = 12.2, 7 = 12.5, 9.0, 3.0, 9 = 
13.2, 3.7, 3.7,9' = 3.0, 13.0, 4.0,13 = 11.6,13' = 11.6, 14 = 1.0, 15 = 1.0; 
Compound 12: 1 = 12.0, 3 = 11.8, 3.4, 3.4, 3' = 11.0, 11.0, 4.5, 5 = 12.0, 7 =
12.5, 8 .6 , 3.4, 9 = 13.2, 3.8, 3.8, 9’ = 12.9, 12.9, 4.2, 14 = 1.1, 15 = 1.2.
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Table 4. Positional parameters of (+)-epievodone (1) and their estimated 
standard deviations.
Atom___________x___________ y__________z
0 1 0.9048(7) 0.9112(8) 0.8081(1)
0 2 1.2720(9) 1.4359(8) 0.9060(1)
Cl 1.086(1) 1.057(1) 0.7862(2)
C2 1.192(1) 1 .2 1 1 (1 ) 0.8140(2)
C3 1.109(1) 1.281(1) 0.8973(2)
C4 0.919(1) 1 .2 0 1 (1 ) 0.9321(2)
C5 0.833(1) 0.935(1) 0.9282(2)
C6 0.736(1) 0.880(1) 0.8827(2)
C l 0.905(1) 0.986(1) 0.8495(2)
C8 1.079(1) 1.171(1) 0.8555(2)
C9 1.396(1) 1.398(1) 0.8023(2)
CIO 0.63901 0.873(11 0.9632('21
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Table 5. Positional parameters o f  5-hydroxy-6,7,8,3',4'-pentamethoxy flavone  
(14) and their estimated standard deviations.
Atom X V z
01 A 0.8928(2 ) 0 .2661(1) 0 .77345(6)
C2A 0.9068(3) 0 .2169(2) 0 .73364(9)
C3A 0.9954(3 ) 0 .1445(2) 0 .73347(9)
C4A 1.0864(3) 0 .1181(2) 0.77422(9)
C5A 1.1575(3) 0 .1557(2) 0.85813(9)
C6A 1.1428(3) 0 .2095(2) 0 .89707(9)
C7A 1.0408(4) 0 .2803(2) 0 .89443(9)
C8A 0.9570(3) 0 .2991(2) 0 .85286(9)
C9A 0.9758(3) 0 .2454(2) 0.81392(8)
C10A 1.0739(3) 0 .1731(2) 0 .81590(9)
011A 1.1711(3) 0 .0521(1) 0 .77432(7)
0 1 2 A 1.2540(3) 0 .0858(1) 0 .86095(7)
0 1 3 A 1.2314(2) 0 .1968(1) 0.93747(6)
0 1 4 A 1.0192(3) 0 .3285(1) 0 .93485(6)
0 1 5 A 0 .8490(3) 0 .3661(1) 0 .85222(6)
C16A 0.8180(3 ) 0 .2519(2) 0 .69311(9)
C17A 0.7193(3) 0 .3234(2) 0 .69820(9)
C18A 0.6388(3) 0 .3571(2) 0 .6594(1)
C19A 0.6558(3) 0 .3214(2) 0 .61497(9)
C20A 0.7533(3) 0 .2478(2) 0.60926(9)
C21A 0.8320(3) 0 .2149(2) 0 .64799(9)
0 2 2 A 0 .5907(2) 0 .3517(1) 0 .57375(7)
0 2 3 A 0 .7642(2) 0 .2183(1) 0 .56369(6)
C24A 1.1741(5) 0 .1338(3) 0 .9685(1)
C25A 1.0948(5) 0 .4082(2) 0 .9374(1)
C26A 0.8925(5) 0 .4388(2) 0 .8236(1)
C27A 0.4988(4) 0 .4276(2) 0 .5763(1)
C28A 0.8628(4) 0 .1455(2) 0 .5556(1)
0 1 B 0 .6026(2) 0 .0671(1) 0 .73258(6)
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Table 5. (continued).
Atom ____________ x_________________ x_________________ z
C2B 0.5812(3) 0.1146(2) 0.77274(9)
C3B 0.4853(4) 0.1847(2) 0.7723(1)
C4B 0.3987(3) 0.2106(2) 0.7310(1)
C5B 0.3382(3) 0.1725(2) 0.6462(1)
C6 B 0.3619(3) 0 .1 2 0 2 (2 ) 0.60704(9)
C7B 0.4697(3) 0.0516(2) 0.61022(9)
C8 B 0.5510(3) 0.0351(2) 0.65244(9)
C9B 0.5226(3) 0.0872(2) 0.69156(9)
C10B 0.4180(3) 0.1569(2) 0.68924(9)
011B 0.3088(2) 0.2749(1) 0.73026(7)
012B 0.2365(2) 0.2403(1) 0.64258(7)
013B 0.2794(2) 0.1328(1) 0.56536(7)
014B 0.5052(3) 0.0025(1) 0.57147(7)
015B 0.6638(2) -0.0290(1) 0.65487(7)
C16B 0.6714(3) 0.0807(2) 0.81334(9)
C17B 0.7676(4) 0.0085(2) 0.8076(1)
C18B 0.8531(4) -0.0240(2) 0.8461(1)
C19B 0.8435(3) 0.0143(2) 0.89010(9)
C20B 0.7482(3) 0.0886(2) 0.89615(9)
C21B 0.6643(3) 0 .1 2 0 0 (2 ) 0.85789(9)
022B 0.9174(2) -0.0133(1) 0.93048(7)
02 3 B 0.7463(2) 0.1207(1) 0.94118(6)
C24B 0.3427(5) 0.1985(3) 0.5365(1)
C25B 0.3819(5) -0.0498(3) 0.5528(1)
C26B 0.6069(5) -0.1093(2) 0.6724(1)
C27B 1.0275(4) -0.0826(2) 0.9255(1)
C28B 0.6566(4) 0.1970(2) 0.9494(1)
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Table 6 . Germination of four test species as affected by Calamintha ashei 
monoterpenes 1,3 and decomposed mixture of 5. Means different 
from control (P = 0.05) are indicated by asterisk.
Mean germination, no. of 25 seeds (% of control!
Solution Schizachvrium Leptochlna Rudbeckia Lactuca
compound 1
1.0 mM (164 ppm) 0.8* (17) 7.7* (45) 0 .0 * (0 ) 6 .0 * (26)
0.5 mM (82 ppm) 3.2 (67) 11.3* (6 6 ) 0 .0 * (0 ) 10.3* (45)
0.25 mM (41 ppm) 3.7 (78) 13.7 (81) 0.7* (3) 7.7* (33)
0.10 mM (16 ppm) 4.3 (90) 14.7 (8 6 ) 8.7* (41) 17.3* (75)
0.05 mM ( 8  ppm) 5.0 (105) 15.3 (90) 18.0* (84) 16.7* (73)
compound 3
1.0 mM (180 ppm) 4.5 (95) 9.3* (55) 1.7* (8 ) 23.3 (101)
0.5 mM (90 ppm) 2.5* (53) 14.0 (82) 10.0* (47) 23.7 (103)
0.25 mM (45 ppm) 4.3 (90) 15.7 (92) 17.0* (80) 23.0 (100)
0.10 mM (18 ppm) 3.2 (67) 14.7 (8 6 ) 20.7 (97) 23.3 (101)
0.05 mM (9 ppm) 4.0 (84) 15.3 (90) 21.0 (98) 22.7 (99)
1 and 3
0.5 mM ( 8 6  ppm) 2 .8 * (59) 12.3* (72) 0.3* (1) 16.0* (70)
0.25 mM (43 ppm) 1 .8 * (38) 17.7 (104) 1.3* (6 ) 15.3* (6 6 )
0.125 mM (22 ppm) 4.5 (95) 15.0 (8 8 ) 13.0 (61) 18.3* (80)
0.05 mM (9 ppm) 3.3 (69) 15.3 (90) 18.3* (8 6 ) 24.0 (104)
0.025 mM (4 ppm) 3.3 (69) 15.0 (8 8 ) 17.7* (83) 24.0 (104)
compound 5
1.0 mM (266 ppm) 4.0 (84) 16.0 (94) 18.3 (8 6 ) 23.3 (101)
0.5 mM (133 ppm) 3.7 (78) 13.0 (76) 19.7 (92) 24.7 (107)
0.25 mM ( 6 6  ppm) 4.5 (95) 15.7 (92) 21.0 (98) 23.0(100)
0.10 mM (27 ppm) 4.7 (99) 15.7 (92) 21.0 (98) 22.0 (96)
0.05 mM (13 ppm) 4.3 (90) 16.7 (98) 17.7*(83) 20.3 (8 8 )
Control 4.8 17.0 21.3 23.0
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Table 7. Root elongation of four test species as affected by Calamintha ashei 
monoterpenes 1 ,3  and decomposed mixture of 5. Means different 
from control (P = 0.05) are indicated by asterisk.
Mean radicle elongation, mm (% of control!
Solution Schizachvrium Leptochloa Rudbeckia Lactuca
compound 1
1.0 mM (164 ppm) 6 . 8 (95) 12.3* (56) 0 .0 * (0 ) 9.0* (46)
0.5 mM (82 ppm) 7.0 (98) 13.8* (63) 0 .0 * (0 ) 13.6* (70)
0.25 mM (41 ppm) 6 . 0 (84) 18.7 (8 6 ) 9.0 (120) 17.8* (92)
0.10 mM (16 ppm) 5.8 (81) 20.0 (92) 8 . 8  (117) 16.5* (85)
0.05 mM ( 8  ppm) 7.4 (105) 15.9* (73) 7.5 (100) 18.2 (94)
compound 3
1.0 mM (180 ppm) 7.9 ( 1 1 1 ) 1 2 .2 * (56) 8.9 (119) 18.0 (93)
0.5 mM (90 ppm) 8 . 2 (115) 19.0 (87) 7.8 (104) 19.4 (100)
0.25 mM (45 ppm) 8 . 2 (115) 18.4 (84) 8 . 6  (115) 18,4 (95)
0.10 mM (18 ppm) 6.3 (89) 23.2 (106) 9.1 (121) 18.6 (96)
0.05 mM (9 ppm) 9.8 (138) 2 0 . 2 (92) 9.0 (120) 19.0 (98)
1 and 3
0.5 mM ( 8 6  ppm) 6 . 2 (87) 14.8* (6 8 ) 1.0* (13) 14.5=* (75)
0.25 mM (43 ppm) 4.6 (65) 15.1* (69) 6 .0 * (80) 18.8 (97)
0.125 mM (22 ppm) 5.6 (79) 2 0 . 1 (92) 7.7 (103) 17.3 (89)
0.05 mM (9 ppm) 5.5 (77) 23.4 (107) 7.4 (99) 19.4 (1 0 0 )
0.025 mM (4 ppm) 6.9 (98) 19.7 (90) 7.1 95) 20.5 (106)
compound 5
1.0 mM (266 ppm) 5.7* (80) 15.0* (69) 9.1 (121) 2 2 . 0 (113)
0.5 mM (133 ppm) 7.3 (103) 16.7 (76) 8.0 (107) 2 0 . 0 (103)
0.25 mM ( 6 6  ppm) 6.4 (90) 19.8 (91) 9.1 (121) 17.2 (89)
0.10 mM (27 ppm) 7.4 (104) 21.7 (99) 9.2 (123) 17.5 (90)
0.05 mM (13 ppm) 7.3 (103) 2 0 . 8 (95) 5.8 (77) 19.8 ( 1 0 2 )
Control 7.1 2 1 . 8 7.5 19.4
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Table 8 . Germination of four test species as affected by (-)-calaminthone (2) 
and menthofuran (4), constituents of Calamintha ashei. Means 
different from control (P = 0.05) are indicated by asterisk.
Mean germination, no. of 25 seeds (% of control)
Solution Schizachvrium Leptachlna Rudheckia Lactuca
Calaminthone
0.8 mM (172 ppm) 9.5 (83) 8.7 (106) 2.3* (13) 22.0* (91)
0.4 mM ( 8 6  ppm) 9.3 (81) 7.3 (89) 8.3* (46) 24.0 (99)
0.2 mM (43 ppm) 9.2 (80) 12.0 (146) 18.0 (99) 23.7 (98)
0.08 mM (17 ppm) 1 1 . 2 (97) 13.0*(158) 18.3 (101) 23.7 (98)
0.04 mM (9 ppm) 10.5 (91) 9.0 (110) 21.0*(115) 24.0 (99)
Menthofuran
0.13 mM (20 ppm) 1 0 . 2 (89) 16.0* (195) 13.0*(71) 24.0 (99)
0.07 mM (10 ppm) 9.8 (85) 16.7* (204) 17.7 (97) 22.7 (94)
0.03 mM (5 ppm) 1 0 . 8 (94) 10.7 (130) 2 0 .0 (1 1 0 ) 24.7(102)
0.013 mM (2 ppm) 12.7 (1 1 0 ) 16.0* (195) 2 2 .0 *(1 2 1 ) 23.3 (96)
0.007 mM (1 ppm) 10.3 (90) 12.0 (146) 20.3(112) 24.3 (100)
Control 11.5 8 .2 18.2 24.2
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Table 9. Root elongation of four test species as affected by (-)-calaminthone 
(2) and menthofuran (4), constituents of Calamintha ashei. Means 
different from control (P = 0.05) are indicated by asterisk.
Mean radicle elongation, mm (% of control!
Solution Schizachvrium Leptochloa Rudheckia Lactuca
Calamintone
0.8 mM/172 ppm 13.0 (105) 14.4 (80) 3.9* (13) 20.3 (91)
0.4 mM/ 8 6  ppm 11.3 (91) 16.0 (89) 7.0 (84) 19.8 (89)
0.2 mM/43 ppm 11.9 (96) 15.8 (8 8 ) 7.1 (8 6 ) 2 1 . 0 (95)
0.08 mM/17 ppm 1 1 . 0 (89) 21.7 (121) 7.5 (90) 19.3* (87)
0.04 mM/9 ppm 1 2 . 0 ( 1 0 2 ) 15.0 (84) 9.6 (116) 2 1 . 1 (95)
Menthofuran
0.8 mM/20 ppm 11.9 (96) 16.4 (92) 6 . 6  (80) 2 1 . 1 (95)
0.4 mM/lOppm 14.3 (115) 17.7 (99) 8.2 (99) 2 1 . 0 (95)
0.2 mM/5 ppm 1 2 . 1 (98) 2 0 . 1  ( 1 1 2 ) 7.2 (87) 21.5 (97)
0.08 mM/2 ppm 10.9 (8 8 ) 18.5 (103) 7.1 (8 6 ) 21.7 (98)
0.04 mM/1 ppm 1 1 . 8 (95) 19.7 (110) 8 . 6  (104) 23.2 (104)
Control 12.4 17.9 8.3 2 2 . 2
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1 R=H
2 R=OAc
3 R=OH
4 R=H, 4 desoxy
11
10
5 R1,R2=OAc
6 R^OAc, R2=H
7 Ri=H, R2=OAc
8 RlfR2=OH
9 R!=OAc, R2=OH 
10 Ri=OH, R2=OAc
11 R=CH2OAc
12 R=CHO
CH3O
13 R1,R3=OCH3, R2=OH
14 R1,R2,R3=OCH3
15 R1,R2=OCH3, R3=H
16 RltR3=H, R2=OH
Figure 3.0a. The molecular structure of (+)-epievodone (1 ).
0 1
ooOn
Figure 3.0b. The molecular structure of 5-hydroxy-6,7,8,3',4'-pentamethoxyflavone (14).
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Figure 3.1. *H NMR spectrum of epievodone (1) in CDCI3 .
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Figure 3.2. BB i3C NMR spectrum of epievodone (1) in CDCI3 .
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Figure 3.3. NMR spectrum of calaminthone (2) in CDCI3 .
11
HQ
OH
1
10
i U L
11
J ___
|—I—I I 1 | I I " I I | T I I l~|  'T 1 r - T  | I T I I | I I I I | I I I I | I I I I J I I T T ' I I "T 1 I [ I I 1 T [- | l~ T" I | ~T "I I l" | I I I I
7 . 0  6 . 5  6 . 0  5 . 5  5 . 0  4 . 5  4 . 0  3 . 5  3 . 0  2 . 5  2 . 0  1 . 5  1 . 0
PPM
Figure 3.4. NMR spectrum of desacetylcalaminthone (3) in CDCI3 .
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Figure 3.5. BB l^CNMR spectrum of desacetylcalaminthone (3) in CDCI3.
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Figure 3.6. NMR spectrum of 4a,5P-diacetoxymenthofuran (5) in CDCI3 .
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Figure 3.7. BB N M R spectrum of 4cx,5P-diacetoxymenthofui
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Figure 3.8. lH NMR spectrum of 5P-acetoxymenthofuran (6 ) in CDCI3 .
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Figure 3.9. DEPT 90, 135 and BB NMR spectra of 5P-acetoxymenthofuran (6 ) in CDCI3 .
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Figure 3.10. NMR spectrum of 4a-acetoxymenthofuran (7) in CDCI3 .
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Figure 3.11. *H NMR spectrum of 4a,5P-dihydroxymenthofuran (8 ) in CDCI3 .
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Figure 3.12. lH NMR spectrum of 5P-acetoxy-4a-hydroxymenthofuran (9 ) in CDC13.
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Figure 3.13. NMR spectrum of 4a-acetoxy-5(i-hydroxymenthofuran (10) in CDCI3 .
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Figure 3.14. NMR spectrum of 13-acetoxybicyciogermacrene (11) in CDCI3 .
PPM
Figure 3.15. ^ H -^ c  correlation spectrum of 13-acetoxybicyclogermacrene (11) in CDC13.
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Figure 3.16. NMR spectrum of 13-oxobicyclogermacrene (12) in CDCI3.
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Figure 3.17. NMR spectrum of 5,4'-dihydroxy-6,7,8,3’-tetramethoxyflavone (13) in CDCI3 .
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Figure 3.18. NMR spectrum of 5-hydroxy-6,7,8,3',4'-pentamethoxyflavone (14) in CDCI3
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Figure 3.19. NMR spectrum of 5-hydroxy-6,7,8,4'-tetramethoxyflavone (15) in CDCI3 .
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Figure 3.20. *H NMR spectrum of 5,4'-dihydroxy-6,7-dimethoxyflavone (16) in d-DMSO.
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Biosynthetic Studies of Bithiophenes in
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ABSTRACT - Biosynthetic studies of two bithiophenes, [5-(3-buten-l-ynyl)-2,2'- 
bithiophene (BBT) and 5-(4-acetoxy-l-butynyl)-2,2'-bithiophene (BBTOAc)], 
were performed in hairy root cultures of Tagetes patula using [1-13 C], [2-13 C]- 
and [ l ,2 - l 3 C2 ]-labeled sodium acetate as precursors. The data support previous 
biogenetic proposals and demonstrate that hairy root cultures provide a highly 
suitable medium for biosynthetic studies of root constituents.
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*Author to whom correspondence should be addressed.
212
INTRODUCTION
A wide range of structural types of acetate-derived compounds 
(acetogenins) with multiple triple bonds (polyacetylenes) are found as natural 
products and they are very common constituents in many members of the large 
sunflower family (Asteraceae) [1]. Recently, these relatively unstable, often 
highly conjugated compounds have attracted considerable attention due to their 
broad spectrum of biological activities [2]. Previous biosynthetic studies of 
polyacetylenes and the derived thiophenes were performed with radioactive ^ C -  
and tritium-labeled precursors [3,4], Based on these results and previous 
biogenetic proposals it is now generally accepted that polyacetylenes are formed 
by linear combination of acetate units [4], The thiophenes are presumably 
derived from pentaynene by addition of sulfide to the triple bonds, a process that 
can be mimicked in vitro by the addition of H2 S to diynes [1,5] and was also
supported by biosynthetic incorporations of 35s_iabeieci sulfate into thiophenes 
[6].
The introduction of pulsed Fourier transform NMR techniques in the early 
1970s permitted the use of NMR labeling experiments in biosynthetic 
studies [7]. The advantage of the use of ^C -iabeled precursors is the gain of a 
wealth of biosynthetic information without requiring specific degradation 
experiments which is necessary when and tritium-labeled precursors are 
used. Its disadvantage is the low sensitivity, necessitating relatively high 
incorporations of the precursors. Generally, biosynthetic ^ C -
experiments with live plants are limited due to the low yield of incorporation of 
precursors, thus excluding the insensitive methodology for these studies [8 ].
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Since to the best of our knowledge no detailed biosynthetic studies of the carbon 
framework of bithiophenes had been previously performed and the use of hairy root 
cultures in biosynthetic studies has not been exploited, we attempted the incorporation 
of [1-1 3 C]-, [2-1 3 C]- and [l,2 -1 3 C2]-labeled acetates into BBT (1) and BBTOAc 
(2) using hairy root cultures of Tagetes patula. It was of particular interest to learn 
whether biosynthetic incorporations of l 3 C-labeled percursors into constituents of 
hairy root cultures are effective.
In this paper we report the results of our biosynthetic experiments with [1- 
13 C]-, [2-13 C]- and [ 1,2-13 C2 l-acetates and their incorporations into BBT and 
BBTOAc in hairy root cultures of T. patula. The data clearly support previous 
biogenetic proposals [9] and demonstrate that hairy root cultures can be highly 
suitable media for biosynthetic studies of root constituents.
RESULTS AND DISCUSSION
Hairy root clones of Tagetes patula were grown in bioreactors and the labeled 
acetates were added aseptically to the reactors at the end of the growth period, that is, 
one week before harvesting the root culture. Complete assignments of the carbon 
signals were achieved by the use of DEPT 135° and DEPT 90° experiments as well as 
carbon-hydrogen correlations [10], INAPT experiments [11,12] and by spectral 
comparison with published results for BBT [9], DEPT 135, DEPT 90 (Fig. 1) and 
13 C -1h  correlation experiments (Fig. 4.3) were used for the assignment of the 
methylene, methyl and methine carbons. Unambiguous assignments of the proton 
signals were achieved by 2D iH -lH  correlation experiment (COSY-45) shown in 
Figure 4.2.
214
In Figure 4.4 the ^H, 13c and the INAPT spectra of compound 1 are given. 
Polarization transfer of H -lb enhanced the acetylenic carbon C-3, while polarization 
of H-2 was transferred to the other acetylenic carbon C-4. The INAPT spectrum 
obtained from polarization transfer of H- 6  affected carbons 8  and 4. Since the proton 
H-7 absorbs very close to H -ll it could not be selectively polarized. The INAPT 
spectrum of H-7 and H -ll enhanced the signals for carbons 9,5,12,11 and 6  of 
which the last three were caused by a 2 -bond carbon-hydrogen polarization transfer.
The 13c NMR spectra of the unlabeled and the singly labeled experiments 
were recorded on the same scale to allow for easy comparison of the relative 
intensities of the peaks thus deriving the magnitude of 13c- incorporations. The 13c 
NMR spectra of unlabeled acetate, acetate-[l-13c]- and acetate-[2-13c]-enriched 
bithiophenes 1 and 2 are shown in Figures 4.5 and 4.7. [l-13c]-Acetate enriched 
bithiophenes 1 and 2 exhibit enhanced signals for carbons 2,4,6,8,10 and 12 while 
acetate-[2-13c]-enriched BBT and BBTOAc show enhancements of carbon signals 
1,3,5,7,9 and 11. In acetate-[l-13c]-enriched bithiophene 2 the carbonyl carbon is 
enhanced, while acetate-[2-13c]-enriched bithiophene 2 shows the acetate methyl 
signal as an enhanced singlet. These results are in agreement with the biogenetic 
proposal which suggests that the twelve-carbon chain polyacetylenes and their 
thiophene derivatives 1 and 2 must be derived from a fourteen carbon chain precursor 
followed by loss of a carbon moiety at both ends of the carbon chain [1]. The most 
probable biosynthetic intermediate for bithiophenes 1 and 2 is the common 
tridecapentaynene which represents a degradation product of eighteen-carbon fatty 
acids [1]. Earlier feeding experiments had shown that ^C -labeled oleic acid was 
transformed to shorter chain acetylenes [4].
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In both compounds a higher enrichment was observed for acetate-[l-13c] 
incorporations. Also, within a set of data, some carbons showed higher enrichments 
indicating higher incorporation of acetate into these positions. In bithiophene 2 the 
acetate carbonyl carbon signal was enhanced approximately five times when compared 
to the other carbons in the spectrum of the acetate-[1-13C]-enriched compound, and 
the acetate methyl enrichment was about nine times higher in the acetate-[2-^C]- 
enriched spectrum. The ^c-enrichm ents were calculated using a method reported 
previously [13].
In the experiments with doubly labeled acetate the [l,2-13c2]-acetate was 
> 97% enriched with 13c-isotopes. The 13C NMR spectrum of acetate-[l,2-13C2]- 
enriched bithiophene 1 is shown in Figure 4.6. The carbons derived from acetate 
units which are incorporated intact into the molecule appear as triplets, the center peak 
being due to the natural abundance signal and the two satellite signals are due to the 
13C-13c coupling from incorporations of intact acetate units [8 ]. Couplings of 88.5 
(C-2/C-3), 106.8 (C-4/C-5), 58.0 (C-6/C-7), 71.7 (C-8/C-9) and 58.0 Hz (C-10/C- 
1 1 ) were observed, which indicated that these carbon pairs were derived from intact 
acetate units. C-l and C-12 appeared as enhanced signals when compared to those of 
the natural abundance 13c NMR spectrum. They also showed small satellite signals 
with couplings of 71.7 Hz for C-l and 62.6 Hz for C-12. This can only be accounted 
for by substantial 1 3 c -1 3 c  coupling between adjacent carbons due to higher 
incorporation of 13C-enriched doubly labeled acetate in these positions [14].
The 13c  NMR spectrum of acetate-[l,2-13C2] enriched bithiophene 2
showed triplets for carbon signals 2,6,7,10,11, as well as the acetate carbonyl and its 
methyl absorptions. Carbons 3,4,5,8 , and 9 represent quaternary carbons and 
their 13c-absorptions are of such low intensity that no satellites were
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detected above the spectral noise level [14]. Carbons 1 and 12 appeared as enhanced 
singlets, which must be derived from two acetate units that have not been incorporated 
intact into the molecule (Fig. 4.8 and Table 2). The results obtained from the acetate- 
[1,2-13c2] enriched bithiophenes 1  and 2  corroborated the results from the singly
labeled experiments and support the biogenetic proposal on the formation of twelve- 
carbon thiophenes from their 14-carbon polyacetylene precursors [1]. The 13c-13c 
coupling constants, especially those of bithiophene 1, showed that carbons 2 and 3 ,4  
and 5, 6  and 7, 8  and 9, and 10 and 11 were incorporated intact into the molecule 
while carbons 1 and 1 2  must be derived from two acetate units each of which lost 
their adjacent terminal carbon. This represents unambiguous evidence that twelve- 
carbon bithiophenes 1  and 2  are formed from fourteen-carbon precursors followed by 
the loss of the two terminal carbons.
Comparison of the mass spectral data of unlabeled and l^ c - la b e le d  
bithiophenes very clearly supported the incorporation of l^C-labeled acetates by the 
appearance of peaks of up to [M+7] in acetate-[l,2 - ^ C 2 ]-enriched bithiophene 1. 
The results are summarized in Table 3.
The data presented above clearly demonstrate that hairy root cultures 
represent a suitable medium for biosynthetic studies involving l^C -labeled  
precursors. Hairy root cultures grow relatively fast and produce 
secondary metabolites in quantities sufficiently large to be used for 13c NMR 
labelling experiments. In the present case, this permitted non-destructive biosynthetic 
studies of bithiophenes. In future experiments, the general scope of the application 
of hairy root clones as a medium for biosynthetic experiments will be further 
tested. This will include root cultures of various plant species and
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biosynthetic studies of structurally and biosynthetically different types of 
secondary metabolites.
EXPERIMENTAL
and H e  NMR Data.
The NMR spectra were acquired at 25° C in CDCI3  on a Bruker AM 400
spectrometer using a 5 mm dual tuned 1h / 13 C probe with observation 
frequencies of 400.13 and 100.62 MHz, respectively.
INAPT Experiments o f BBT (1).
The INAPT experiments were performed using the following pulse 
sequence [1 1 ,1 2 ]:
!H: D1 - 90° - D2 -180° - D2 - 90° - D3 -180° - D3 - BB 
1 3 C: -180° -90° -H D
Proton relaxation delay (Dl) was set to 1.38 sec. Length of delay D2 and 
D3 were optimized for three-bond coupling constants of the various carbon 
hydrogen bonds. The delay D2 was set to 37.5 msec (J = 5 Hz) (H-2), 18.75 
msec (J = 8  Hz) (H-lb), 12.5 msec (J = 10 Hz) (H -ll, H-7) and 2 msec (H-6 ), 
while D3 was set to 13.75 msec (H-8 ), 6.25 msec (H-lb), 3.75 msec (H -ll, H- 
7), and 3.5 msec (H-6 ). The ^H pulse was set at 12.5 msec for H-2, H-lb, H-7 
and H -ll and 27 msec for H-6 .
The INAPT spectra were processed with line broadening LB = 2 and with 
magnitude calculation after Fourier transformation giving positive signals.
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Hairy Root Cultures.
Transformed roots, popularly called hairy roots, were used in these 
experiments due to their rapid growth rate. These roots were obtained by 
infection of the plant with the bacterium Agrobacterium rhizogenes and they 
generally synthesize the metabolites characteristic of the normal root [15].
The hairy root clone of Tagetes patula TS was a gift from Dr. Hector 
Flores, Pennsylvania State University. Roots for analysis were grown in 
bioreactors in 9 liters of MS medium without phytohormones [16]. All reactors 
were inoculated with 50 tips, approximately 1 cm long. Sodium acetate was 
added aseptically to the reactors on day 37 and fermentation continued for one 
week before the roots were harvested. Several acetate concentrations were tried 
to determine the optimal amount. For the results reported in this paper, 0.3735g 
and 0.2950g were added of the singly labeled acetate and the doubly labeled 
acetate, respectively. The roots used for control were grown for 40 days before 
harvest.
Extraction and Isolation o f Unlabeled Bithiophenes 1 and 2.
Root cultures of Tagetes patula (48.4g of dry wt) were soaked in 800 ml of 
CH 2 CI2  for 24 hrs. After suction filtration and evaporation of the solvent in
vacuo, the crude extract (1.17g) was subjected to Vacuum Liquid 
Chromatography (VLC) [17] using hexane, CH2 CI2  and ethyl acetate (EtOAc)
mixtures of increasing polarity, yielding twelve 50 ml fractions. The first fraction 
(90 mg) was further chromatographed by preparative thin layer chromatography 
(prep. TLC) using hexane as solvent yielding 46 mg of pure bithiophene 1 and 20
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mg of (3-farnesene. Fraction 6  (30 mg), when chromatographed by prep. TLC 
using 10:1 hexane:EtOAc (2X), yielded 15 mg of bithiophene 2.
Extraction and Isolation o f Labeled Bithiophenes 1 and 2.
[ 1-13C]-acetate labeled bithiophenes 1 and 2.
1 1 2 .8 g of root cultures fed with [l-l^cj-acetate  were soaked in 800 ml of 
CH2 CI2  (2X) for 24 hr, yielding 522 mg of crude extract after evaporation of the 
solvent in vacuo. VLC of this extract using hexane, CH2 CI2  and EtOAc mixtures 
of increasing polarity yielded twelve 50 ml fractions. The first fraction (106 mg) 
was chromatographed on prep. TLC using hexane giving 31 mg of bithiophene 1 
and 49 mg of (3-farnesene. Fraction 6  gave 50 mg of bithiophene 2 after prep. TLC 
separation using 1:1 hexane:CH2 Cl2  (3X) as solvent.
[2-13C]-acetate labeled bithiophenes 1 and 2.
94.0 g of root cultures fed with [2-^C ]  acetate were soaked in 1600 ml of 
CH2 CI2  for 24 hr yielding 733 mg of crude extract. VLC separation with hexane, 
CH2 CI2  and EtOAc mixtures of increasing polarity gave sixteen, 50 ml fractions. 
Fraction 1 gave after prep. TLC separation 62 mg of bithiophene 1 and 55 mg of 
P-farnesene. Bithiophene 2 (36 mg) was obtained from fraction 8  after prep. TLC 
using hexane: CH2 CI2  (2:1, 3x).
[1,2-13C2 / -acetate labeled bithiophenes 1 and 2.
104.6 g of root cultures fed with [1,2-1 ^ 2 ] acetate were soaked in 1600 
ml of CH2 CI2  (2X) for 24 hr, yielding 1.13 g of crude extract. Chromatographic 
separation using VLC and hexane CH2 CI2 , EtOAc mixtures of increasing 
polarity gave 12, 50 ml fractions. Fraction 1 was chromatographed by prep. TLC
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using hexane yielding 29 mg of bithiophene 1  and 23 mg of P-farnesene. 
Fractions 4 and 5 were combined (70.7 mg) and chromatographed on prep. TLC 
using hexane:CH2 Cl2 (3 X) giving 5 fractions of which the third one contained
bithiophene 2 (22 mg), which was rechromatographed by prep. TLC giving 15.8 
mg of pure bithiophene 2 .
Acknowledgments: This work was supported by the Louisiana Education
Quality Support Fund (86-89)-RD-A-13 and by the National Science Foundation 
Biotechnology Program (Project No. EET-8713078).
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CHAPTER IV, PART A
Table 1. 13c_chemical shifts (100.6 MHz, CDCI3 , TMS as internal standard), 
enrichments in acetate-[l-13c] and acetate-[2 -l^C] labeled 
bithiophene 1  and ^ q _\3q  coupling constants observed in acetate- 
[l,2-13c2]-labeled bithiophene 1 .
Enrichment
Carbon d(ppm) acetate- acetate J(1 3C-1 3C)
[1-13C] [2-1 3C] (Hz)
1 71.75 0.3 71.7
2 116.78 0 . 6 88,5
3 92.95 88.5
4 83.23 0 . 8 106.8
5 121.76 0.5 106.8
6 132.75 1 .1 58.0
7 123.45 0.3 58.0
8 138.95 1 .1 71.7
9 136.63 0.4 71.7
1 0 124.19 1.9 58.0
11 127.85 0.5 58.0
1 2 124.94 1.3 62.6
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CHAPTER II, PART A
Table 2. I3 c -Chemical shifts (100.6 MHz, CDCI3 , TMS as internal standard), 
enrichments in ace ta te -[l-13c] and acetate-[2 - l 3 c ] - la b e le d  
bithiophene 2  and 13c_13c coupling constants observed in acetate- 
[l,2-13c2]-labeled bithiophene 2 .
Enrichment
Carbon d(ppm) acetate- acetate- J(!3c -13q
[1-1 3 C] [2-13C] (H z )
1 62.09 0 . 2
2 20.27 0 . 8 68.7
3 90.58 0.4
4 75.17 1.4
5 122.09 0.03
6 132.39 0 . 8 59.5
7 123.27 0 . 2 59.5
8 138.10 1 .1
9 136.77 0 . 2
1 0 124.11 0.9 56.5
1 1 127.87 0 . 1 51.9
1 2 124.85 0 . 6
CO(Ac) 170.82 4.7 59.5
CH3 (Ac) 20.87 1.7 59.5
CHAPTER IV, PART A
Table 3. Ion intensities* in the molecular region of the mass spectra of natural abundance and acetate-[l-^C ], 
acetate-[2-13c] and acetate-[l,2 - ^ C 2 ]-enriched bithiophenes 1 and 2.
Compound Sample M+ M+l M+2 M+3 M+4 M+5 M+ 6 M+7
Bithiophene 1
Natural abundance 1 0 0 14.6 6 . 8 - - - - -
Acetate-f 1-1 ^ C] enriched 1 0 0 20.7 12.3 2.7 0.3 - - -
Acetate-[2-^C] enriched 1 0 0 36.6 1 2 .1 2 . 1 1.5 0 . 0 2 -
Acetate-11,2-^C] enriched 1 0 0 17.0 8.4 1.5 0.7 0.04 0.04 0 . 0 1
Bithiophene 2
Natural abundance 1 0 0 25.4 - - - - - -
Acetate-f 1 - 1  ^ C] enriched 1 0 0 25.8 9.2 4.2 1 .1 0.07 - -
A cetate-[2-^C] enriched 1 0 0 20.3 10.9 1 .1 - - - -
Acetate-[l,2-13c] enriched 1 0 0 19.5 13.9 2.5 0.03 - - -
♦Molecular ion [M]+ was arbitrarily set to 100.
Figure 4.1. Broad Band 13C NMR spectrum and DEPT 135 and DEPT 90 subspectra (CDCI3 ) of bithiophene 1.
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Figure 4.4. INAPT spectra of bithiophene 1.
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Figure 4.6. Broad Band NMR spectrum (CDCI3 ) of acetate-[1,2-^ C 2 l-enriched bithiophene 1.
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Biosynthetic Studies of (5-Farnesene in Hairy Root Cultures
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A bstrac t — Biosynthetic studies of the sesquiterpene p-farnesene were carried 
out in hairy root cultures of Tagetes patula using [1-1 3 C]-, [2-1 3 C ]-labeled 
sodium acetate as well as doubly labeled [ l ,2 - 1 3 C2l sodium acetate as 
precursors. The data clearly support the pathway of sesquiterpenes from acetate 
via mevalonic acid and demonstrate that hairy root cultures provide a suitable 
medium for biosynthetic studies of root constituents.
* Author to whom correspondence should be addressed. 
^Deceased.
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(3-Farnesene is a very common sesquiterpene hydrocarbon found in 
essential oils of many plants [1,2]. Biogenetically, it is derived from farnesyl 
pyrophosphate, the precursor to the whole class of sesquiterpenes, via an 
elimination reaction. Earlier biosynthetic studies of mevalonic acid had shown 
that it is derived from acetate [3], sesquiterpenes and the terpenes in general are 
also derived from acetate via mevalonic acid. Previous biosynthetic studies of 2- 
cis-farnesol, which is closely related to (3-farnesene, were carried out using 
tritium-labeled [4] and 14C-labeled [5] mevalonic acid.
Since the introduction of pulsed Fourier transform NMR techniques in the 
early 1970's, the application of 13C NMR labeling experiments has been 
extensively used in biosynthetic studies [6 ]. The great advantage of the use of 
1 3C-labeled precursors in biosynthetic investigations is the wealth of information 
obtained without requiring specific degradation experiments which are necessary 
when 1 4 C- or tritium-labeled precursors are used. The biosynthesis of other 
sesquiterpenes had been established using 1 3 C-labeled precursors such as 1 3 C- 
acetates [7] or 1 3 C-labeled mevalonate [8 ]. The disadvantage of using R e ­
labeled precursors in biosynthetic studies is the low sensitivity of 13C NMR, 
thus necessitating relatively high incorporations of the 1 3 C-labeled precursors. 
Since biosynthetic studies using higher plants generally result in low 
incorporation of precursors, the use of 13C NMR in these studies is generally 
limited [9].
In this paper we report the results of our biosynthetic experiments with 
[ 1 - 1 3 C], [2-1 3 C] and [ l ,2 - 1 3 C 2 ]-acetates and their incorporations into (3- 
farnesene in hairy root cultures of Tagetes patula. The data clearly support its
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formation from acetate via mevalonic acid and demonstrate that root cultures can be 
highly suitable media for biosynthetic studies of root constitutents.
RESULTS AND DISCUSSION
Hairy root clones of Tagetes patula were grown in bioreactors and the labeled 
acetates were added aseptically to the reactors at the end of the growth period, that is, 
one week before harvesting the root culture [10]. Complete assignment of the carbon 
signals was achieved by the use of DEPT 135° and DEPT 90° experiments (Fig. 4.9) 
as well as comparison with literature values [1 1 ].
The 13C NMR spectra of the unlabeled and the singly labeled experiments 
were recorded on the same scale for easy comparison of the relative intensities of the 
peaks thus deriving the magnitude of 13C-incorporations. The 13C NMR spectra of 
natural abundance P-farnesene as well as acetate-[l-i 3 C]- and acetate [2-1 3 C]- 
enriched P-famesene are shown in Figure 4.10. [ l- 13C]-Acetate enriched 
P-famesene exhibits enhanced signals for carbons 1 , 3, 5, 7, 9 and 1 1  while acetate 
[2-1 3C]-enriched P-famesene shows enhancements of carbon signals 2 , 4, 6 , 8 , 10, 
12, 13, 14, and 15. These results are in agreement with biosynthetic data of 2-cis- 
farnesol, carried out with i, num-labeled [4] and 1 4C-labeled [5] mevalonic acid. 
Biosynthetic studies of other sesquiterpenes using l3C labeled acetate [8 ] have shown 
that indeed the starter unit leading to the: sesquiterpenes is the acetate.
It was noted in these experiments that higher enrichment was observed 
with [ l- 13C]-acetate incorporations. Also, within a set of data, some carbons
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CHAPTER IV, PART B
Table 1. 1 3 C-NMR chemical shifts (400 MHz, CDCI3 , TMS as internal 
standard), enrichments in ace ta te -[l-1 3 C] and acetate-[2-1 3 C] 
labeled (3-farnesene, and 1 3 C -13C coupling constants observed in 
acetate-[l,2 -1 3 C2 ] labeled P-farnesene,
Enrichment
Carbon 8  (ppm) aceta te-[l-1 3 C] acetate-[2-1 3 C] J(1 3 C -1 3C) (Hz)
1 113.02 2.4 70.2
2 139.02 1.4 70.2, 24.9
3 146.16 1 . 6 71.7, 24.9
4 39.71 0.9 58, 20
5 26.63 1.9 44.3
6 124.37 1 .1 44.3
7 135.39 1.5 42.7
8 31.43 1.3 58, 18
9 26.72 0 . 8 44.3
1 0 124.02 1.4 44.3
1 1 131.29 1.9 42.7
1 2 17.67 1 .1 42.7
13 115.69 0.7 71.7
14 16.02 1.4 42.7
15 25.68 1 . 2 42.7,4.6
Figure 4.9. Broad Band 13c NMR Spectrum and DEPT 135 and DEPT 90 Subspectra (CDCI3 ) of P-Famesene.
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Figure 4.10. Broad Band 13C NMR spectra (CDCI3) of P-famesene. (A): Natural abundance, 
(B): Acetate-[l-13C]-enrichedand(C): Acetate-[2-13C]-enriched p-famesene.
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showed higher enrichments indicating higher incorporation of acetate into these 
positions. The 13C-enrichments were calculated using a method reported previously 
[12].
The 13C NMR spectrum of acetate-[l,2 - 13C2 ]-enriched p-famesene is shown 
in Figure 4.11. The carbons derived from acetate units which are incorporated intact 
into the molecule appear as triplets, the center peak being due to the natural abundance 
signal and the two satellite signals starting from the 1 3 C -13C coupling due to 
incorporations of intact acetate units [9]. Couplings of 70.2 (C-l/C-2), 71.7 (C-3/C- 
13), 44.3 (C-5/C-6), 42.7 (C-7/C-14), 44.3 (C-9/C-10), and 42.71 (C-ll/C-12) 
were observed, indicating that these carbon pairs in P-famesene were derived from 
intact acetate units. The other carbon signals which were expected to be singlets due 
to their cleavage of the acetate moieties in the biosynthesis, also showed satellites due 
to 1 3 C -13C couplings. This result can be accounted for by substantial 1 3 C -13C 
coupling between adjacent carbons due to relatively high incorporations of 1 3 C- 
enriched acetate into these positions [13]. Carbon 15 showed a coupling of 42.7 Hz 
which is the same as that of C -ll and C-12. Another small coupling of 4.6 Hz is 
most likely due to a / ^ 3  1 3 C -13C coupling caused by high incorporation of the 
precursor in adjacent positions [13]. Carbons 2 and 3 also show an additional 
coupling of ~ 25 Hz and carbons C-4 and C- 8  exhibit satellites with couplings of 58 
and 20 Hz (C-4) and 58 and 18 Hz (C-8 ). The multiplicity of these signals was 
complex and made the measurement of the coupling or line separation very difficult to 
analyse. Carbons 5 and 9, adjacent to 4 and 8 , respectively, also show more complex 
signal patterns which n1 lowed determination of only the major coupling constant.
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CHAPTER IV, PART B
Table 2. Ion intensities* in the molecular parent peak region of the mass 
spectra of the natural abundance, acetate-[l-13c], acetate-[2-13c] 
and acetate-[l,2-13c2] enriched P-farnesene.
Sample M+ M +l M+2
Natural abundance 1 0 0
A cetate-[l-1 3 C] enriched 1 0 0 35.3 5.5
Acetate-[2-1 3C] enriched 1 0 0 25.0 —
A cetate-[l,2-1 3C] enriched 1 0 0 13.1 —
*Molecular ion [M]+ arbitrarily set to 100.
Figure 4.1 1 . Broad Band NMR Spectrum (CDCI3 ) of Acetate-[ 1,2-1 ^ C^-Enriched P-Famesene.
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Comparison of the mass spectral data of unlabeled and 1 3C-labeled P- 
farnesene support the incorporation of 1 3C-labeled acetates by the appearance of 
peaks of up to [M+2] in acetate-[l-1 3C]-enriched p-famesene. The results are 
summarised in Table 2.
The data presented above clearly demonstrate that hairy root cultures 
represent a suitable medium for biosynthetic studies using 1 3 C -lab e led  
precursors. Also, the use of 1 3C- labeled precursors provide more information on 
the connectivity of the carbons in the biosynthetized molecule and also shows the 
exact position where the labeled precursors is incorporated in the secondary 
metabolite. Hairy root cultures grow relatively fast and produce secondary 
metabolites in quantities sufficiently large to be used for labelling experiments 
involving 13C NMR. In the present case, this permitted nondestructive 
biosynthetic studies of p-farnesene. In future experiments, the general scope of 
the application of hairy root clones as a medium for biosynthetic experiments will 
be tested. This will include root cultures of various plant species and 
biosynthetic studies of structurally and biosynthetically different types of 
secondary metabolites.
EXPERIM ENTAL
and 13C NMR Data.
The NMR spectra were acquired at 25°C in CDCI3 on a Bruker AM 400 
spectrometer using a 5 mm dual tuned !H /13C probe with observation frequencies 
of 400.13 and 100.62 MHz, respectively.
Isolation o f $-Farnesene from  Hairy Root Cultures.
Hairy root cultures were obtained as described previously [10].
Root cultures of T. patula as well as root cultures fed with [1-1 3 C], [2- 
1 3 C] and [ l , 2 - 1 3 C 2 ]-acetate were extracted with dichloromethane and p- 
famesene was isolated as described previously [1 0 ].
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A b s t r a c t  -- During the course of the biosynthetic studies of chemical 
constituents of hairy root cultures of Tagetes patula using 1 3 C-labeled sodium 
acetates we isolated four known bithiophenes of T. patula, [5-(3-buten-l-ynyl)-
2,2-bithiphene (BBT), 5-(4-acetoxy-l-butynyl)-2,2'-bithiophene (BBTOAC), 5- 
(4-hydroxy-l-butynyl)-2,2'-bithiophene (BBTOH), 5-(3,4-diacetoxy-l-butynyl)- 
2 ,2 '-bithiophene [BBT(OAc)2 ], the known steroid, stigmasterol, the known 
sesquiterpene, P-farnesene, three known benzofurans, of which only one was 
previously isolated from T. patula, and a new benzofuran. The structural 
elucidation of these compounds was achieved by comparison of their 
spectroscopic data with published data. The molecular structure of the 
benzofuran isoeuparin is reported.
* Author to whom correspondence should be addressed. 
ttDeceased.
INTRODUCTION
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Hairy root cultures are known to produce secondary metabolites 
characteristic of the species from which they are derived [1]. Previous 
investigations of hairy root cultures and callus tissues cultures of T. patula 
(Asteraceae) [2,3,4,5] gave the known bithiophenes, BBT (7), BBTOAc 
(8 ),BBTOH (6 ), BBT(OAc) 2  (5) and the known benzofurans, isoeuparin 1  and 
euparin. Because of the wide range of biological activities of thiophenes [6 ] we 
continued our chemical investigation of hairy root cultures of T. patula. The 
compounds were obtained from various root cultures fed with 13C-labeled sodium 
acetates used in our biosynthetic studies of chemical constituents of hairy root 
cultures of T. patula [7,8].
We report here high resolution !H NMR data of compounds 2, 3, 4, 5, and 
6  as well as the X-ray data of compound 1.
RESULTS AND DISCUSSION
Chemical data.
Vacuum liquid chromatography (VLC) [9] of the dichloromethane extract 
of hairy root cultures of Tagetes patula, followed by preparative TLC (prep. TLC) 
gave compounds 1 and 3 to 10. Isoeuparin (1) was previously isolated from hairy 
root cultures of T. patula [2,3] and synthesized [10] to confirm its structure. 
Since isoeuparin is a crystalline compound, we obtained its molecular structure 
by X-ray analysis, which is reported below.
The ]H NMR and 13C NMR data of dehydrotremetone (2) isolated from 
Isocoma wrightii have been previously reported [11]. In the ]H NMR spectrum 
the two methyl groups at C -ll and C-14 were misassigned in the previous report
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[11]. The C -ll  methyl ketone absorbs at 8  2.66 instead of 8  2.22 and the vinyl 
methyl C-14 appeal’s at 8  2.14 and not at 8  1.80.
Compound 3 was previously isolated from Doronicum paralianclies [12]. 
Since the !H NMR data of this compound were not included in reference 12 and 
the reference to its *11 NMR data [13] were those of a similar compound having a 
hydroxy group at C-4 instead of C-6 , we report in Table 1 the complete 
assignment of the *H NMR spectral data of compound 3. We also include the 
13C NMR spectral data of 3 in the experimental section. Compound 3 was a 
yellowish oil which exhibited in its *H NMR spectrum signals typical of a 
benzofuran with a methyl ketone and a hydrogen bonded hydroxyl group. The 
position of the H-bonded hydroxyl group was assigned to C- 6  because of the two 
aromatic singlets in the *14 NMR spectrum at 8  7.50 and 8  6.37 belonging to 
protons H-4 and H-7, respectively. Two one-proton doublets at 8  4.71 (J = 13.6 
Hz) and 8  4.63 (J=14.0 Hz) as well as a six-proton doublet at 8  0.94 (J=6.4 Hz) 
and an one-proton multiplet at 8  2 . 1 0  suggested the presence of an isobutyl ester 
moiety. This was confirmed by the mass spectral data which showed the 
molecular ion at m/z 304 and a strong peak at m/z 216 due to [M-isobutyric 
acid]+. The 13C NMR spectrum of 3 also supported the presence of an ester 
carbonyl signal at 8  172.57.
The benzofuran 4 exhibited similar *H NMR signals to those of 3 with 
some minor differences. A new olefinic signal at 8  7.00 appeared in the *H NMR 
spectrum due to the C2-C3 double bond. The signal at 8  12.5 indicated a 
hydrogen bonded hydroxyl group at C- 6  due to the two singlets at 8  7.94, H-4 and 
8  6.64, H-7.
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The two bithiophenes BBTOH (6 ) and BBT(OAc) 2  (5) previously were 
isolated from the roots of Echinops sphaerocephalus [14] and also detected by 
HPLC in root cultures of T. patula [4,5]. We report here high resolution *H NMR 
spectral data of 5 and 6 .
BBT(OAc) 2  (5) exhibited in its *H NMR spectrum two methyl singlets at 
8  2.11 and 8  2.15 as well as three one-proton doublets of a doublet at 8  4.43 
(/=11.6, 7.3 Hz), 8  4.31 (7=11.3, 3.7 Hz) and 8  5.86 (7=7.3, 3.7 Hz). The 
chemical shift and the coupling constants of the above three signals suggested 
the presence of two adjacent acetate moieties. The five aromatic signals were 
similar to the aromatic signals of BBTOAc (8 ) [3] suggesting that they belong to 
the two thiophene rings. Finally the molecular ion (m/z 334) in the mass 
spectrum confirmed the assigned structure of 5.
The *H NMR spectrum of BBTOH (6 ) showed similar aromatic signals to 
those of 5 and the presence of two two-proton triplets at 8  3.82 and 8  2.73, the 
former suggesting the presence of a hydroxyl group. The lack of the acetate 
signal present in compound 8  and the molecular ion (234) in the mass spectrum 
confirmed the structure of BBTOH (6 ).
EXPERIM ENTAL
Hairy root cultures.
Hairy root cultures of Tagetes patula  were obtained as described 
previously [7].
Extraction and isolation.
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Root cultures of Tagetes patula (48.4 g of dry wt) were soaked in 800 ml 
of CH2 CI2  for 24 hrs. After suction filtration and evaporation of the solvent in 
vacuo, the crude extract (1.17 g) was subjected to VLC [9] using hexane, 
CH 2 CI2  and ethyl acetate (EtOAc) mixtures of increasing polarity, yielding 
twelve 50 ml fractions. Fraction 5 (26 mg) was chromatographed by prep. TLC 
using hexane: EtOAc (10:1) yielding 15 mg of compound 1. Prep. TLC separation 
of fraction 8 afforded compounds 3 (mg), 4 ( mg), 5 ( mg) and 6 ( mg). Fraction 
9 gave 13 mg of stigmasterol (10) after prep. TLC separation.
Compound 2 was obtained from hairy root cultures of T. patula fed with 
13C-labeled precursor. VLC of the CH2 CI2  extract followed by preparative TLC 
gave 1 mg of compound 2.
X-ray data o f  isoeuparin (1)
A crystal of dimensions 0.08 x 0.23 x 0.55 mm was used for data collection 
on an Enraf-Nonius CAD4 diffractometer equipped with CuKa radiation (X = 
1.54184 A) and a graphite monochromator. Crystal data are: C 1 3 H 1 2 O3 , Mr = 
216.2, monoclinic space group C2/c, a = 13.6359 (14), b = 12.209 (2), c = 14.924 
(2 ) A, p = 118.635(9)°, V = 2180.7 (5) A3, Z = 8 , dc = 1.317 g/cm3, T = 22°C. 
Intensity data were measured by co-20 scans of variable rate designed to yield I 
= 25a (I) for all significant reflections. One hemisphere of data was collected 
within the limits 2° < 9 < 75°. Data reduction included corrections for 
background, Lorentz, polarization, decay (4.6%) and absorption. Absorption 
corrections (jj. = 7.3 cm-1) were based on psi scans, with minimum relative 
transmission coefficient 89.40%. A total of 4798 data were measured; redundant 
data were averaged to yield 2183 unique data; 1797 had I > 3a (1) and were 
used in the refinement.
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The structure was solved by direct methods and refined by full-matrix least 
squares, treating nonhydrogen atoms anisotropically, using Enraf-Nonius SPD [15]. 
Hydrogen atoms were located in difference maps and refined isotropically. 
Convergence was achieved with R = 0.037 and Rw = 0.053. Coordinates are 
tabulated in Table 3, and the molecular structure is illustrated in Figure 4.12.
Isoeuparin (1). C 13H 1 2O3 ; yellow crystals; EIMS m/z (rel. int.): 216 [M]+ 
(95), 201 [M-Me]+ (100), 198 [M-H2 0]+ (16), 173 (13), 145 (4), 117 (21), 91 (30), 
77 (21), 63 (25), 51 (37), 39 (73); X-ray parameters in Table 3.
Dehydrotremetone (2). C1 3H 1 2O2 ; yellow oil, EIMS m/z (rel. int.): 200 
[M]+ (2), 185 [M-Me]+ (0.7), 8 8  (17), 8 6  (100), 84 (74), 49 (42), 50 (51), 35 (25); 
*H NMR data in Table 1.
2,3-dihydro-\4-isobutyloxyeuparin (3). C 17H2 0 O5 ; yellow oil; EIMS m/z 
(rel. int.): 304 [M]+ (0.2), 216 [M-isobutyric acid]+ (45), 201 [216-Me]+ (6 ), 176 
[McLaferty]+ (100), 161 [176-Me]+ (34); 57 [COCH(CH3 )2 -CO]+ (27); iH NMR in 
Table 1; 13  C NMR: 22.83, 98.34, 113.97, 114.88, 118.15, 126.73, 142.40, 
165.79, 166.16, 172.57, 202.00.
14-isobutyloxyeuparin (4). C17H 18O5 ; yellow oil; EIMS m/z (rel. int.): 302 
[M] + (16), 301 (100) 214 [M-isobutyric acid]+ (5), 199 [214-Me]+ (5), 174 
[McLaferty]+ (3), 57 [COCH (CH3)2 -CO]+ (22); »H NMR in Table 1.
5-(3A-diacetoxy-l-butynyl)-2/2/-bithiophene (5). C16H 14O4 S2 ; yellow oil; 
EIMS m/z (rel. int.): 334 [M]+ (25); 274 [M-AcOH]+ (1), 232 (45), 95 (4), 73 (5), 
43 (100); NMR in Table 2.
5-(4-hydroxyA -butynyl)-2,2'-bithiophene (6 ). C12H 10OS2 ; yellow oil; m/z 
(rel. int.): 234 [M]+ ;3), 203 [M-CH2 OH]+ (4), 134 (17), 95 (100), 82 (30), 75 
(17), 62 (26), 34 (22); 1H NMR in Table 1.
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CHAPTER IV, PART C
Table 1. *H NMR spectral data of compounds 2*, 3 and 4 (200 MHz, 
CDCI3 , CDCI3 , as int. standard).
H 2 3 4
2 5.36bt
3 6.67s 3.37dd 7.00s
3* 3.09dd
4 8.18d 7.50s 7.94s
6 7.94dd
7 7.48d 6.37s 6.64s
1 1 2 .6 6 s 2.54s 2.69s
13 5.24d 5.33s 5.99s
13' 5.83s 5.27s 5.51s
14 2. Mbs 4.71d 4.94bs
14' 4.63d 4.94bs
16 2 .1 0 m 2.07m
17 0.94d 0.96d
18 0.94d 0.96d
OH 12.96s 12.50bs
*Data obtained at 400 MHz
Coupling constants in Hz or line separations: compound 2: 4=1.7, 6 =8 .8 ,
1.8, 7=8.6, 13=1.3; compound3: 2=8.6, 3=15.2, 9.7, 3=15.4, 7.6; 14=13.6, 
14=14.0,17,18=6.4; compound4: 17,18=6.1.
255
CHAPTER IV, PART C
Table 2. *H NMR spectral data of compounds 5 and 6 + (400 MHz, CDCI3 , 
CDCI3 as int. standard).
H 5 6
1 4.43dd 3.82t
1 ' 4.31 dd 3.82t
2 5.86dd 2.73t
6 7.15d 7.05d
7 7.02m 7.00d
1 0 7.18d 7.16d
11 7.02m 7.02d
1 2 7.25dd 7.23bd
OAc 2 . 1  Is*
OAc 2.15s*
*interchanceable s icnals  
+200 MHz"
Coupling constants in Hz or line separations: compound 5: 1=11.6, 7.3, 
1=11.3, 3.7, 2=7.3, 3.7, 6=4.0, 10=3.6,12=5.1, 1.2; compound 6 : 1=6.1, 
2=6.3, 6=3.9, 7=3.9, 10=3.5, 11=4.4, 12=5.1.
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CHAPTER IV, PART C
Table 3. Positional parameters of compound 1 and their estimated standard 
deviations.
Atom X y 2 Beq(A2)
Cl 0.37698(6) 0.11330(6) 0.03263(6) 4.49(2)
C2 0.33674(8) 0.00696(9) 0.00924(7) 4.21(2)
C3 0.41519(8) -0.06523(9) 0.06908(8) 4.18(2)
C4 0.61855(8) -0.02896(9) 0.21482(7) 3.80(2)
C5 ^  0.69332(7) 0.05716(8) 0.26480(7) 3.92(2)
C6 0.65930(8) 0.16633(9) 0.23474(8) 4.33(2)
C l 0.55466(9) 0.19297(9) 0.15685(9) 4.59(3)
C8 0.48396(7) 0.10539(9) 0.11064(7) 3.97(2)
C9 0.51176(7) -0.00343(8) 0.13598(7) 3.74(2)
CIO 0.22208(9) -0.0064(1) -0.07203(8) 5.04(3)
C ll 0.1599(1) 0.0800(1) -0.1200(1) 6.97(4)
C12 0.1804(1) -0.1218(1) -0.0944(1) 6.43(4)
C13 0.80664(8) 0.0327(1) 0.34620(8) 4.49(2)
C14 0.8877(1) 0.1227(1) 0.3999(1) 6.16(4)
C15 0.64556(7) -0.13431(6) 0.23969(6) 5.22(2)
C16 0.83633(7) -0.06338(7) 0.37100(7) 5.77(2)
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Figure 4.12. The molecular structure of isoeuparin (1).
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Figure 4.13. NMR spectrum of isoeuparin (1) in CDCI3 . 259
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Figure 4.14. *H NMR spectrum of compound 4 in CDCI3 .
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Figure 4.15. Broad Band 13C NMR spectrum of compound 4 in CDCI3 .
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Figure 4.16. *H NMR spectrum of compound 5 in CDCF
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Figure 4.17. *H NMR spectrum of compound 6  in CDCI3 .
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Figure 4.18. Ul NMR spectrum of stigmasterol (10) in CDCI3 .
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